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Editorial
Announcing
Name change of the journal to
"Food Structure"
and
Frequency change to a Quarterly
During the 8 years of its existence, Food Microstructure has
gained an international reputation for the quality of papers published, both as far as the scientific content and the form (including
the superb reproduction of half-tones, Discussion with Reviewers,
etc.) are concerned. The number of manuscripts submitted has increased to a point which makes it possible to publish the Journal as
a quarterly (from volume 9, number 1, 1990) and, in this way, shorten the time between the submission of a paper and its publication.
Since Food Microstructure was first published, food structure
studies have made considerable progress in both quantitative and
qualitative aspects. It is increasingly recognized that food structure
is affected by different factors and is closely related to many properties of the foods important to the manufacturer and the consumer.
In recent times, structural studies in food science have developed
into a sophisticated discipline in which food structure and microchemical composition may be studied by a variety of techniques. In
addition new techniques continue to develop.
Food structure is studied at various levels of resolution. Over
the 8 years, the contents of papers published in this journal have
evolved from various aspects of microscopic structure to an emphasis
on an integrated view leading to elucidation of correlation between
physical and chemical structures of food. In recognition of these
changes, this journal will be published under a new, broader name of
Food Structure (new ISSN: 1046-705X; Coden: FSTUE2), and a new
sub-title: "An International Journal on the Structure of Foods and
Feeds with Special Emphasis on Relation Between Processing, MQlecular Properties, Microstructure, and Macroscopic Behavior". The
editors and publisher of Food Structure will take care that the
quality of journal is maintained and further improved.
Suggestions and comments from our readers are invited, please
contact any one of the editors or the publisher (see inside front
cover of a recent issue of the journal).
Editors

171

Food Microstructure, a sem i -a nnual inte rnational journal
Scanning Microscopy Inte rn a tional , P.O. Box 66507, Chicago (AMF O'Hare), IL 60666, USA
DAIRY

PRODUCTS

ISSN : 0730 - 5419

PAPERS

Following Is a li s t of p apers on milk, cheese, yoghurt , a nd other dairy products published in Food Micros tructure
during the past five years (1 985 - 1989). This index gives an ab ridged (or complete titl e), n ame of the first author, first
page and t he port numbe r. Please see below for reprints availab ility.
Food Mic ros tructure, Volume 8, 1989

Co nfoc al Scanning Laser Microsc opy in Food Research ... ;
l. Hee rtje
( 115 /2

Electro n Mic rosco pi c Lo c alization of Chole sterol in Bovine
Milk Fat Olobul cs ;
R . W. Martin
(
3/1

REVIE W: Effect of Clotting in Stoma c hs of Infants on
Pr·otein Digestibility of Milk;
S. Nakai
( 161/2

Heat-Set Gels Base d on Oil / Water Emul sion s . .. Wh ey
Prote in Functionality;
R . Jost
( 23/1

REVIEW : Effects of Drying tec hnique s on Milk Powders
Quality and Microstructure ... ;
M. Carle
( 171 / 2

. . . Pro t e in Concen t ration in ... Milk Ret entate s ...
Mic ros tru c ture of Gels; D.D. Gavaric
( 53/1

Tex tural Properties and Mic rosh"Uc ture of Process Cheese
Food Rework;
M. Kalab
( 181 / 2

... Adherence of Lactobacillus Acidophilus to ... Intes tin al
Cells . .. ;
S.K. Hood
( 91/1

Effec t s of Polysorbat e 80 on Fat Emulsion in Ice Cream
Mix . . . ;
H.D. Goff
( 193 /2

Rheology and Microstruc ture of Strained Yoghurt (Labneh)
... Cow 's Milk ;
A.Y . Tamime
( 125/1

Food Micros tructure, Volume 5, 1986

Grittiness in a Pasteurized Cheese Spread : A Microscopic
Study;
H.W. Modler
( 201 / 2

Proper ties of Cheeses , Cheese Analogues and Protein
Ge ls . . . Microstructure;
M. L . Green
( 169 / 1

The Size Distribution of Casein Micelles in Camel Milk;
z. Farah
( 211/2

Ultrastructural Aspect s and Physico - Chem ical Properties of
U~IT-treated Coffee Cream;
W. Buchheim
( 181 / 1

Effect of Hea ting t o 200 Degrees on Casein Mice ll es in
Milk . .. ;
V.R. Harwalkar
( 217/2

Lipol ytic Changes in Milk Fat of Raw Milk a nd ... Effects
on Quality of Milk Products; E. Kirs t
( 265/2

. . . Spray - Drie d Re tentates Obtained by Ultrafiltration of
Milk . .. ;
M. Kalab
( 225/2

The Development of Structure in Whipped Creom;
B.E. Brook er
( 277/2

Food Microstructure . Volu me 7. 1988

. .. Microstructure ... in Yoghurt mode from Reconstituted
Non - Fat Dry Milk;
V .R. Harwnlkar
( 287/2

REVIEW : Lac t ose Crystallization in .. . Whey Powd ers and
in tip ray - Dric d La c tose; Z . Saito
( 75 / 1

El ec tron De nse Granul es in Yoghurt . , . X- ray Micro -

analys is;

... Microstructure in Raw, Fried, l Fried a: Cooked Panecr
... from . .. Milks;
M. Kalab
( 83/1
Amino Acid Composi tion a nd Structure of Cheese Baked as
a Pizza Ingredient ... ; A. Paquet
( 93/ 1

of Cold Stage
J .A. Sargent

SEM

( 295 /2

REVIEW : Size Distribution of Bovi ne Casein Micelles;
c. Holt

Changes in Micros tru ctu r e of Saint Paulin Cheese During
Manufact ure .•. SEM;
1\1. Rousseau
( 105 / 1
REVIBW : Applications
Research;

E.M. Parne ll -C lunies
Food Micros tructure, Volume 4 , 1985

Characterisation
Products;

t o Food
( 123 /2

of

Milk Proteins in
J . F. Hea thcock

(

1/ 1

Confectionery
( 17 / 1

Development of 1\'lic ros tru c ture in a Cream Cheese Based
on Queso Blanco Cheese ; M. Kalab
( 89 / 1

Porosity, Speci fi c Gravity and Fat Dispersion in Blue
Cheeses;
K.M.K. Kebary
( 153/2

A Fluorescence Mic roscopic Study of Cheese;
S . H. Yiu

Role of Be ta - La c toglobulin in .. Structure of Casein
Partic l es in .. . Ge ls;
V .R . Harw-alkar
( 173/2

(

99/1

Re lation Between Microstructur e ... and ... Properties of
Whippable Emulsions;
W. Buchhcim
( 221 / 2

REVIE W: Micros tructure of Shortenings, Margarin e ond
Butter;
A.C. Juriaanse
( 181/2

Structure Formation in Acid Milk Gels;
I. Hcer tje

En caps ulation of Vis c ous Foods in Agar Gel Tube s for
Elec tron Microscopy;
M. Kalab
( 213/2

( 267/2

... Exami nation of Skim Milk Gels Obtuine d by Fe rmenting
with ... Lactic Acid Bacteria; S .M . Schcllhoass ( 279 / 2

Food Micros tructure. Volume 6, 1987

Ob se rvations on the Air - Seru m Inter fa ce of Milk Foams;
B.E. Brooker
( 289/2

Produ c t Morphology of Fatty Products;
I. Heertje

REVIEW : Effects of Emul s ifying Agents on . . . Process
Cheese;
M. Carie
( 29'7 / 2

Ill
· . . Effect of Citrate on the Growth of Group N Streptococci;
S. Ito
( 17 / 1

Properties of Calcium Caseina tes ... in Imitation Cheese;
K. Fl em ing
( 313 / 2

Crystallization of Calcium Phosphate at t he Surface of
Mould - Rip e n ed Cheeses; B.E . Brooker
( 25 / 1

Ultrastru c tural and Bioc hem ical Inves tigation s of Mature
Human Milk;
R.J. Carroll
( 323 /2

.. . Curd Granules in Traditional Swiss Hard and Semi - Hard
Cheeses;
M. W. Ruegg
( 35/1

REV I EW: Particle Structure in ... Milk Powder as Related
to Lac tose Crystallization;
Z. Saito
( 333 / 2

The subscription price for US delivery is $50 pe r year for 1982 - 1988, and $65 for 1989 ($55 and $70 respectively for
outside US d elivery) . Reprints or photocopies of individual p apers are available for $5 eac h . Please ~·

17 2

FOOD MICROSTRUCTURE, Vol. 8 (1989), pp . 173-182
Sca nrung Microscopy Inte rnational , Chicago (AMF O'Hare), IL 60666

0730-5 419 /89$3. 00+ . 00

USA

NFLUENCE OF THE EXTRUSION PROCESS ON CHARACTERISTICS AND STRUCTURE OF PASTA
M. Ambrogina Pagani•. Pierpaol o Resmini, Gerardo n slbonl

Universita d egli Studi, Dipar timento di Scienze e
Tec nologte Alimentari e Mtcrobiologiche,
Sez tone Industrie Agrarie,
Via Celoria 2, 20133 MILANO, Italy
lc e ntro Ricerche Socie te Braibanti,
Largo To sca nini l , 2012 2 MILANO, Ita ly

Abstract

Introdu c tion

'Jhe effects of the kneading a nd forming process or pasta quality have been inves tiga t ed. Using
the stme blend of whea t flour and k ee ping mixing
and d :-ying condition s c onstant , thr ee types of spaghetti were produced using the following three
kneadng and forming processes: A) kneading with
a contnuou s press and forming by pressure-e xtrusion;
B) k1eading and
fo r ming by
shee ting- roll s;
C) kneading by hand and forming with s hee tingroll s.
These three processes imp ar t different
mecha mical work on the dough.
'lhe three typ es of dried spaghetti ex hibited
differmces in cooking requirements and in cook ing
qunli t~ .
Spaghetti (A) absorbed wat er more s lowly
and s tow ed poor cook ing quality. Spaghetti (B) and
(C) htd a sho rt e r cooking time , no s tic kiness and
good f:rmne ss a ft er cooking . Spaghetti com pactness
seens to control water absorption during cooking,
i.e. , the greater the com p ac tness, the longer the
cookifl{ time. Never the less, com p ac tness does not
explain differences in cook i ng qualit y. On the con tra ry, thi s characteris tic is clearly related to the
differmt organization of proteins , as tra n s mission
and sca nning elec tron microscopy im ages r eveal ed.
In fact. both spaghe tti (B) a nd (C) s howed a com pac t
and coJtinuous protein network, probably as a con sequenc e of the mild and o r de red kneading ob tained by
the shte t ing p r ocess. Spaghe tti (A) , produced by
dout;h meading implying s trong mechanica l stresses,
exhJhi~d protein network breakage which may account :or its poor cook ing quality.
The result s of the present work indi ca te that
indu shial kneading an d e xtrusion, as p e rform e d today
in t he con tinuou s press , are unsuitable for making
the bes t use of poor quality raw materials.
The
pressu1e-extrusion process requires t echnological in nov aticns which could e nsu re spaghetti with c ooking
qual it y comparable to that produced in the traditional sheeting process as well as high productivity.

It is well known that pasta quality a nd its
cooking c harac teristics, as far as consum e r acceptabilit y is concerned, are affected by the quality of
the raw material as well as by the processi ng co ndi tions . Numerous studies i n thi s field have specified
the properties of the r aw ma t er iaJ (2, 4 , 6, 8, 14, 23,
36, 38) and the conditions of the drying cycle (11,
13, 25, 35) that ensure a good quality product.
On the contrary , there have been few inv estigation s regarding the role tha t the first steps of the
pasta- making process (kneading and extrusion) have
on pas ta quality. Papers published some yea r s ago
(34, 37) reported that hand - made and roll - sheeted
s paghetti always exhibit higher quality compa r ed with
pasta produced from the same r aw material by the
u sua l pressure-extrusion pro~P.R~. This is we ll k n own
by pasta-making t echnologis t s (19, 24).
Rece ntly, some au thor s observed that n oodles
prepared by a sheeting process (10) show a higher
g lut en development in comparison to those ob tained
in a con t inuous industrial press (26). However, no
explanation has been found for the differe n ces in
quality due to the kind of kneading and forming
proce sses u sed.
Therefore, thi s s tudy was designed to co ntrol
the effec t of variou s t echnolog ical processes used for
dough - forming on pasta quality. In particular, the
con ti nuou s indus trial press was compared to the more
traditional working methods, su ch as roll -s heeting
a nd hand -s heeting.

In itiaJ pap e r r eceived May 9, 1989
Ma nu s.: ript r eceived Oc tober 19 , 1989
Direc t inquiries to P. Res mini
Teleptone numbe r : 39-2-236 7181/5426
Key wcrd s: Pasta- products, pasta quality, pastamaking process, k n eading, extrusion, continuou s
press, :oil -s heeting, pro tein s tru c tu re , Transmission
El ect r oJ Microscopy, Scanning Elec tron Microscopy.
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Mat erials and Me thods
Spaghe tti processing
A wheat flour bl e nd (12% protein dry mass, parti c le size less than 100 micrometers), obtaine d by
mixing a commerciaJ soft whea t flour with a low
protein content and a commercial hard wheat flour in
t he ratio of 70 / 30 w/ w, was used.
The flour and water (at 36°C) were blended in
order to produce a mixture with a final water cont en t of 36%. Mix ing wa s performed in a Braiban ti
laboratory mixer at 500 r.p.m . for 60 sec and then a t
200 r.p .m. for 40 sec. Aft er a resting period of 20
min in the mixer at room temperature, the flour /
wa te r mixture was kneade d and formed into spaghetti
according to the following processes (Fig. 1):
A) Extrusion under pressure with a continuou s press
(Braiba nt i laboratory press), u si ng the foll owing con dition s: ex trusion pressure , 60 a tmospheres; dough
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MIXIN G

KNEADING
AND
FORMING

l

final water content: 36 %

l

HAND- MADE

~
!

EXTRUSION {

~ sheet of pasta cut
Into SPa!ilettl •1 th
a hrusehlld noodle
cutter

1

~ 18 mln

(!) 2 111n
DRYIN G

{

thickness: 1. Smm

FRESH SP AGHETTI

1 h

final water content:35

,} drying at low temperature (45"Cl
DRIED

®

p res~xtruEd

SPAGHETTI fmal water

®

SPa!tl!ttl

roll-steeted

~ttl

Figure 1. Diagram of spaghe tti processing.
home noodle cutte r. The three t ypes of fresh spaghett i , wi th the same shape and s i ze ( 11 spaghetti a li a
chitarra", 1.5 mm thick) were dried a t the same time
a t low temperature ( 45 °C for 16 hours) .
A modified extrusion process was a l so don e in
the con tinuous press to obtain samp les for ultra s tru c tural studies. A well - kneaded dough , produ ced
under the same conditions as report ed for process B,
was prepared with 10 passages through the rollers
(12 mm s pacing). This roll - s heet ed dough was then
c ut into s mall cubes, fed into the con tinuou s press
a nd processed as reported above for process A. The
press was stopped aft er 5 min of working and the
die r emoved . The dough i n the int erior of the ex tru s ion -head could be easil y and car efu ll y removed
(w ith a sharpened lancet) prior to it s ex tru sion.
Porosity
----pQ'ioos ity was evaluated with a Car lo Erba merc u ry intrusion porosimeter (model 2000) , co nnected to
a compu ter for complet e automatic operation , coll ection a nd processing of data.
Mercury behaves as a non -wetting liquid. Thus,
it will not flow into small cav ities of a po rou s solid
unl ess it is for ced by pressure.
The higher the
pressure, the small er the pore (18). In our test,

temperature, 37°C; t eflon lined die with 1. 5 mm
square holes.
The time required for passing the
dough through the cyl inder a nd the head of the
ex t ruder was 2- 3 minutes.
B) Roll-sheeting by means of pairs of s t ain less steel
cylinders (12 em diameter). The mixture was shee ted
by passing it 10 times in the same direction at a
roll er se tting of 12 mm. The sheet was folded in
half before each passage. The roll se tting of 12 mm
assured good kneading without tearing the surface.
The dough sheet ing was the n completed with 1 passage at 6 mm, l passage at 3 mm and 2 passes at 1.5
mm. These last 4 passages were p er form ed, without
fo lding the sheet, in order to reduce the sheet
thickness gradual ly.
The time required for the
sheeting process was ab out 15-18 minut es .
C) Hand -made s hee ting. The dough was carefu lly
kneaded b y hand for 10 min, wrapped in aluminium
foil , rested for 30 min and roll e d ou t in 8 s heet with
a rolling pin. It was then passed twice through thP.
r oll ers used in process B) set at 1.5 mm to obtain 8
uniform thickness . The time required for this process was about 1 hour.
The final dough sheets obtained in processes B
and C were cu t into s trips (1 .5 mm thi c kn ess) with 8
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Extrusion process and pasta quality
some strands of dried spaghetti (0.5-1 g) were placed
in the porosimeter vessel, evacuated, filled with mer cury and then subjected to increasing pressure up to
2000 x 105 Pa. This pressure range allows pores
with a radius from 4 to 7500 nm to be determined.
The characteristics of compactness were expressed as
cumulative volume (mm3 of pores per g of solid) and
as porosity % (mm3 of pores per 100 mm3 of solid).
Breaking strength
The breaking strength was measured with a
bending test using the Instron testing machine
(model 4301) equipped with a compression cell of
1000 g; the crosshead speed was fixed at 20 mm/min.
A single strand of dried spaghetti (8 em length,
20 measurements for each type of spaghetti) was
placed on two cylindrical supports (1.2 em diameter)
3.5 em apart. The spaghetti strand was broken in
the middle by a blade made from a piece of plexi glass (1.5 mm thick with a flat cutting profile) attached to the crosshead. The breaking strength was
expressed as the force (g) required for breaking the
strand of spaghetti.
Evaluation of Cooking Quality
Organoleptic test. The cooking quality was de termined with a standard test for durum wheat spaghetti. 100 g of spaghetti were cooked in 1000 ml
of boiling mineral water for the optimal cooking time
(disappearance of the central ungelatinized core, ref.
35). It was then drained for 1 min in a strainer of
169 mesh.
Stickiness (spaghetti adhesiveness to
teeth during mastication) and firmness (force required to compress the spaghetti between the molar
teeth) were evaluated by 5 expert tasters using ap propriate adjectives (5, 7). The panel also gave an
overall rating of quality: 3 for the poorest, 9 for
the best.
Rheolo'?"ical test . The instrumental evaluation
of spaghetti cookmg quality was obtained with the
compression test proposed by Dalbon et al. ( 5) . The
Instron testing machine (model 4301) was fitted with
a 10,000 g compression cell, and with a circular
plunger of 3.55 em diameter.
The crosshead and
chart speeds were 5 mm/min and 100 mm/min, re spectively. Spaghetti was cooked at its optimal time,
drained for 1 min and then placed in a Petri box.
Two min after draining, 6 strands of spaghetti were
placed in the center of a steel plate and compressed
to a maximum pressure of 2000 g. When this value
was reached, the crosshead movement was reversed
and the sensitivity of the Instron machine was ex panded to maximum to measure stickiness with great er precision (5, 12) . Stickiness was evaluated from
the negative area of the force-deformation diagram
and was expressed in N x mm. The same test was
repeated on 6 other strands of cooked spaghetti
after fixed times of draining in order to check the
increase in stickiness with time.
Water absorption during cookin~
The water absorbed by dried spaghetti during
cooking was determined by measuring the increase in
the spaghetti weight as a function of cooking time.
Cooking was performed in a small vessel provided
with an appropriate strainer, divided into 4 sections .
2.5 g of spaghetti (strands 2 - 3 em length) were
placed in each section and plunged into the boiling
water. After 2.5 min of cooking, the spaghetti in
the first section was removed, drained on a filter
paper for 13 min and weighed. The procedure was
repeated on the spaghetti in the other sections after
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5, 7.5 and 10 min of cooking. Water absorption was
referred to 100 g of dried spaghetti. The material
lost in the cooking water was not considered.
Transmission Electron Microscopy (TEM)
Samples were soaked m a 30% glycerol - water
solution at room temperature. The imbibition times
for fresh spaghetti (prior to drying) and cooked
spaghetti were 20 min and 10 min , respectively . A
small quantity of soaked samples was then placed on
the gold specimen holders, frozen in super-cooled
liquid nitrogen (LN2) and transferred into a Balzers
301 unit. Defrosting was carried out for 20 min at
- 95°C . Fracturing was performed at -105°C, immedi ately followed by shadowing with Pt/C (film thickness: ca. 2 nm, angle: 45°) and C (film thickness 20 25 nm) . Replicas were cleaned in 70% and 30% sulfuric acid solutions for at least 48 h, then washed in
distilled water, acetone, and double distilled water .
Replica observation was performed with a Philips EM
201 electron microscope at 60 or 80 kV .
Scanning Electron Microscopy (SEM)
Both fresh and cooked samples were immediately
frozen in super-cooled LN2 and then freeze - dried
using an Edwards tissue drier (model EPD3). Freezedrying was performed at - 60°C for 24 h. Fracturing
was done in two ways: 1) cryo-fracturing the samples
directly in LN2, using a pair of tweezers , and then
freeze-drying.
The resulting fracture plane was
smooth and even. 2) dry - fracturing by fracturing
the sample after freeze - drying. In this case, the
fracture plane was uneven a nd ragged. The freezedried samples were mounted on stubs, sputter - coated
with gold and then observed in a Cambridge Stereoscan 150 microscope at 10 or 20 kV.
Results and Discussion
Conventional production of pasta involves the
fixed steps of blending flour and water into a very
stiff mixture , kneading, forming by extrusion and
drying. For reasons of productivity, these steps take
place on line and rapidly in the modern press. The
process is continuous and completely automated with
a time interval of only 2 minutes from kneading to
the end of extrusion. In the more traditional sys tems, such as roll - or hand - sheeting, the steps of
kneading and forming are performed separately .
Therefore, it is possible, however roughly , to isolate
the effect of each technological step on final pasta
quality. In this regard, kneading and forming have
been studied by subjecting the same mixture of
wheat flour and water (without working and dough
development) to different forming processes, as
shown in Fig . 1:
kneading with a continuous press and forming
by extrusion (process A);
kneading and forming with pairs of sheeting rolls (process B);
kneading by hand -working and forming with
pairs of sheeting- rolls (process C).
As in our previous work (35), we used only
wheat flour instead of durum wheat semolina. The
poor quality of this raw material makes the pastamaking process critical, and allows the effects of the
three different technological processes to be more
easily assessed.
An organoleptic test was first performed to
evaluate the quality of the three types of spaghetti,
all with the same shape and thickness and obtained
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Table 1 - Cooking Quality as Evaluated by Sensory Panel
Process

Optimum Cooking Time

A Pressure-extruded spaghetti

min

B Roll - sheeted spaghetti

7.5 min

C Hand - made spaghetti

*Rating scale: 3

7.5 min

= poorest

quality; 9

= best

Stickiness

Firmness

High

Weak

Overall Rating*
6.0

Absent

Good

8.0

Absent

Good

8.5

quality

Table 2 - Characteristics of Compactness of Dried Spaghetti
Process

Porosity*

Cumulative Volume*

Breaking Strength

(mm3/g)

(%)

(g)

A Pressure-extruded spaghetti

26.95

3 . 75

88.0

B Roll-sheeted spaghetti

51.22

6.94

77.1

C Hand-made spaghetti

53.51

5.17

71.5

*See Porosity, Materials and Methods.
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Figure 2 (at left) . Stickiness of cooked spaghetti evaluated with the Instron rheological test. A) pressureextruded spaghetti; B) roll-sheeted spaghetti; C) hand -made spaghetti.
Figure 3 (at right). Water absorption during cooking (g / 100 g dried spaghetti).
spaghetti; B) roll-sheeted spaghetti; C) hand - made spaghetti.

A) pressure-extruded

formed with an lnstron testing machine (Fig . 2) also
showed the same ranking of quality for the cooked
spaghetti.
Process A yielded the stickiest while
process C gave the least sticky spaghetti.
Certain physical characteristics of spaghetti,
such as compactness and water absorption during
cooking, are clearly influenced by the kind of
kneading and forming. The mechanical work performed under different conditions induces a different
physical stress that obviously causes a different
compactness in dried spaghetti. This last parameter,
evaluated by means of breaking strength and porosity
(Table 2), is highest for the extruded spaghetti and
lowest for the roll-sheeting product.
Porosity
affects
the kinetics of water

from the same dough.
Table 1 reports noticeable
differences among the three samples. The cooking
quality decreases (i.e . , spaghetti becomes stickier and
softer) as the working time of the dough decreases
and the mechan ical stress of the process increases.
The worst quality pasta was obtained with the continuous pressure-extrusion process, whereas the best
spaghetti was produced with the hand - working process . The high quality of this last product is surprising, considering that it was obtained from the same
blend of wheat flour and at the same water content
(36%). No other industrial process used today produces this result, including the roll - sheeting process
which is based on the same mechanical principle .
The rheological evaluation of stickiness per-
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Figures 4 and 5. Freeze~fracture TEM. All the spaghetti images were taken in the center of the strand.
Figure 4. Roll-sheeted spaghetti. A) Fresh spaghetti: the continuous protein network (PN) surrounds the
starch granules (SG). B) Cooked spaghetti: the starch material ( SM), entrapped inside the protein network
(PN), is organized in fibrils and small regular aggregates. Arrows show thin protein fibrils.
Figure 5. Pressure-extruded spaghetti. A) Fresh spaghetti: the protein (P) forms aggregates unevenly dispersed
among the starch granules (SG), some of which appear broken (BSG). B) Cooked spaghetti: the starch material
(SM) is highly dispersed inside a weak and discontinuous protein network (P).
absorption during cooking (Fig. 3) and contributes to
the longer cooking time needed for pasta products
submitted to high pressure which are thus less porous and more compact. Contrary to what has been
reported by other authors (31, 32), the compactness
of the dried pasta does not appear directly related to
cooking quality.
These observations emphasize that the kind of
process used for kneading and forming greatly influences the macro-structure of spaghetti and its cooking behaviour. These characteristics cannot be ex plained on the basis of our analytical data. However, clear suggestions seem to arise from careful
observations, with TEM and SEM, of the fine struc ture of spaghetti at various processing steps.
Some ultrastructural features seem to be related

to the kind of kneading and forming. The different
structures may explain the cooking behaviours of
spaghetti, as reported in the literature (33, 35).
The compact and continuous protein network
observed in fresh roll-sheeted pasta (Fig. 4A) is
comparable to that observed in durum wheat spaghetti (35) and likely traps the starch granules which
swell during cooking (Fig. 4B). Under these conditions the starch material is retained inside the
spaghetti strands during cooking, tlms limiting its
stickiness.
Owing to the reduced swelling of the
granules, the starch subunits are arranged into
chain-like fibrils and ordered groups. This pattern,
a probable consequence of the retrogradation phenomena (15), is always observed in pasta of superior
cooking quality (5, 33, 35), and is never seen in
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Figure 8. Ultrastructure of dough just before its extrusion through the die. A) Freeze-fracture TEM image;
B) SEM image after dry-fracturing. (SG) starch granules; (SM) starch material (probably from broken starch
granules); (P) and arrows indicate the broken protein fibrils.
Figure 6 (on the facing page. left panel).
SEM
images of roll-sheeted spaghetti. A) cryo-fracturing
and B) dry-fracturing of fresh samples; C) cryo fracturing of cooked spaghetti. Symbol definitions
are the same as in Figure 4. Arrows show location
of protein network.

prevails, with little protein interaction. This could
account for the poor cooking quality of the pressureextruded spaghetti (35).
Since the raw material and the other technological steps of pasta - making are held constant, the results show that the processes of dough kneading and
extrusion significantly affect the starch and protein
macromolecular organization inside the product , This
fact clearly influences spaghetti cooking quality.
The lower quality characteristics of a pressureextruded pasta, consisting of a discontinuous protein
network, can already be seen in the dough taken
from the extrusion - head just before extrusion
through the die holes (Fig. SA, SB). Therefore, the
step of mere extrusion does not seem to result in
ultrastructural differences between extruded and
sheeted spaghetti.
By feeding the continuous press with a
"worked 11 dough obtained by roll - sheeting, it was
possible to demonstrate that dough transformation
takes place before reaching the die. The "ideal"
continuous protein network that this dough had when
first put into the continuous press (Fig. 9A, 9B) is
already lost by the time it reaches the die. The
area of protein fiber breakdown is extensive in the
entire field of view (Fig . 9C, 9D).
All the electron micrographs, together with the
other experimental data from this work demonstrate
that, in comparison with the more traditional proc esses, the technical step of kneading and forming
carried out in the continuous press breaks down
those dough structures which may affect spaghetti
quality . In our case, the drop of quality is enhanced
by using wheat flour whose protein, due to unsuitable gluten properties (17, 20, 21, 27) does not withstand the physical stress imposed upon it .
An explanation for protein fibril breakage could
be immfficient dough rlevelopment produced by auger.
This phenomenon is probably related to short knead ing time (28, 34) and low mechanical efficiency (10,
22) as well as the limited water content of the
dough. It is well known that these factors prevent
the possibility of good gluten development (9, 10, 26,

Figure 7 (on the facing page. right panel) . SEM
images of pressure - extruded spaghetti. A) cryo fracturing and B) dry-fracturing of fresh spaghetti;
C) cryo - fracturing of cooked spaghetti.
Symbols
definitions are the same as in Figure 5. Arrows
indicate the broken protein network.
products obtained with soft wheat flour processed
under industrial conditions (35) . Hand - made spaghet ti presents the same ultrastructural features as the
roll-sheeted pasta .
On the contrary, in freshly extruded spaghetti
(Fig. SA) the protein matrix looks discontinuous with
protein aggregates unevenly distributed among the
starch granules. During cooking (Fig. 5B), the lack
of a continuous protein network causes high hydra tion of starch material and its marked dispersion
outside the spaghetti (33, 35), resulting in stickiness (16, 29).
SEM images confirm and complement TEM re sults, especially when the sample is prepared by
cryo-fracturing, a sectioning technique comparable to
the freeze-fracturing technique.
Moreover, the
larger field of view of the SEM images allows the
continuity of the protein framework in fresh rollsheeted spaghetti before (Fig . 6A, 6B) and after
cooking (Fig. 6C) to be more easily observed.
The presence of broken protein fibrils in fresh ly extruded spaghetti is just as clearly seen (Fig. 7A,
7B). A similar organization in dough taken from the
pre~s has heP-n l'eported by Matsuo et al. (26). Aftel'
cooking, a dramatic swelling of the starch granules
can be seen. They are often so coalesced and clustered together that their individual, original edges
are no longer visible (Fig. 7C). This supports the
idea that during cooking, extensive starch swelling
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Figure 9. SEM ultrastructure of roll-sheeted dough (see text) before (A and B) and after (C and D) kneading
in the continuous press by the auger . A) and C) cryo- fracturing; B) and D) dry-fracturing. The fibrils of
the protein network (PN), that the dough showed after roll-sheeting, are weakened and broken (P) inside the
continuous press. Arrows indicate the protein fibrils in all images .

the "developing" dough. The non - homogeneous pressure (1, 19) and the disordered movements with
shearing and tearing of the dough in the last part of
the machine may negatively affect the continuity of
the protein matrix. It should be pointed out that,
over the years , the industrial press has been improved for speed and extrusion capacity (hence for
productivity - 3, 13, 34), but only somewhat improved for the regular and ordered flowing of the
dough (28 , 30, 34). The dough, in fact is a non Newtonian system whose viscoelastic characteristics
and behaviour during mechanical transfer are mostly
unknown. On the contrary, neither the hand-working nor the roll-sheeting processes impose negative
physical stress to the dough which can thus freely
expand and gently form. Finally, we can presume
that insufficient kneading, together with mechanical
stress, may produce the micro-breakdown of the
gluten network found after the continuous pressureextrusion.

34). In fact, the working time in a continuous press
is reduced to only a few minutes in comparison with
about an hour for the hand-sheeting process. The
mechanical work done by the auger consists mainly
in shifting the dough under pressure with coaxial
rotations and laminar flow in the extrusion cylinder
(26), followed , probably, by a less orderly transfer
inside the extrusion-head. During sheeting, instead,
the dough is formed by means of numerous passages
through the rolls . As the sheet thickness is gradual ly reduced (by narrowing the gap between the cylin ders), the dough is submitted to uni-directional and
mild "stretchings" which promote an ordered and uniform gluten development. The same kind of dough
structure results with the hand-working process.
The different mechanical stresses of the two
kinds of dough forming could also be an explanation .
Strong mechanical work takes place inside the press
and induces stretching and remixing. This work is
probably unsuitable for the plastic characteristics of
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In view of the final quality of the product,
kneading and forming under pressure undoubtedly represent a critical factor in the industrial process,
whereas extrusion through the die, even if performed
at high pressure, does not seem detrimental to pasta
cooking quality. The final aim in the optimization of
the kneading and forming process in the industrial
press is to reach the level of spaghetti quality ob tained with hand-working or, at least, with rollsheeting, keeping all other conditions constant .
Conclusion
The results of the present investigation, ob tained from cooking tests, physical - mechanical tests
and ultrastructural observations, demonstrate that the
kneading and forming of a pasta dough with a continuous press induces a decrease in spaghetti quality
in comparison with roll - sheeting or hand -working
processes. The lower quality, related to the reduced
working time and to the intensity of the mechanical
stress, can be explained by ultrastructure breakage
of the protein matrix observed in the dough before
extrusion. This finding strongly indicates that indus trial pressure-extrusion used today for pasta- making
is not an ideal process for making the best use of
poor quality raw materials and suggests that an improvement in final product quality can be expected
by improving this production step . More research is
needed in order to make kneading and forming a real
"biotechnological" process. In this regard , a careful
examination of the ultrastructure modifications of the
dough during the various steps of the process proves
to be indispensable for a correct and complete evalu ation of the processing conditions.
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Discussion with Reviewers
R .R. Matsuo: Why did the authors choose a blend of
common wheat (T. aestivum) for their study and not
durum wheat (T. turgidum var. durum}? It is parti cularly surprising since Italy is one of the two countries in the world that specifies 100% durum wheat
for pasta products. All Italian pasta manufacturers
maintain that durum wheat, especially varieties
produced in Puglia, produces the best pasta with ex cellent texture and little surface stickiness. Therefore the obvious question is how would pasta proces sed by the three methods described in this paper but
made with high quality durum semolina be rated?
R. Moss:
Cou ld the authors confirm that it was
flour (t.e., less than 130 micrometers}, and not semolina from bread wheat, that was used ? Are their
comme nt s equally applicable to extruded pasta from
semolina (either durum or bread wheat}?
Please
comment on the relative amounts of pasta made from
flour versus that from the various types of semolina.
Authors: Our aim was to study the effects of dif ferent kneading and forming technologies on pasta
cooking qualit y, the effects of which were expected
to be limited. According to our experience (35), by
us ing a raw material with poor pasta-making properties (in this case a blend of wheat flour , particle
size les s than 100 micrometers), it is possible to
better identify the e ffect of a technological step on
the quality of the final product.
It i s, however,
important to emphasize that, as t he production of
high quality semolina is limited, the world p asta
manufacture mainly consist s in products obtained
from durum wheat semolina of medium quality and
from T. aestivum flour (21} .
Presently we cannot extend our experimental
results to durum wheat semolina, even if, according
to reputed Italian pasta technicians (24, 34), the
semolina products obtained with a sheeting process
always show higher cooking quality i n comparison

with pressure-extruded pasta.
R . Moss: The authors conclude by stating that more
work needs to be done to make the kneading and
forming a real biotechnological process. They indicate that the intensity of work input in the press
has an adverse effect on the protein. Have they in vestigated the effect of different extrusion pressures
or screw design on pasta structure and porosity and
hence on quality? Also, though the e ffec t of extrusion on starch is largely ignored in the text, Figure
5A shows damaged starch granules.
Does more
starch get damaged during extrusion and, if so,
would thi s not adversely influenc e pasta quality?
Authors:
In preliminary pasta- making trials, we
produced spaghetti at two different ext ru sion pressures: 50 and 100 atm. SEM i mages of both products
showed a marked breakage and discontinuity in the
protein network.
Both types of spaghetti were
judged as having poor cooking quality, even if the
pasta produced at 100 atm had a littl e lower stick iness . In the present research, extrusion was carried
out at 60 atm of pressure. This value, low er than
the industrial ones (ca. 100 atm), is justified by the
higher humidity of the dough we used (36% compared
with 30%}; that is, however, a normal humidity for
sheeting processes.
The screw used in the present work had a design comparable to that of an industrial press. We
have not yet investigated the effect of other sc rew
designs on pasta quality; this aspect is related to the
optimization of the press and, hence, it will be the
object of future studies.
The EM images of pressure - extruded s paghetti
c l ear ly exhibit an extensive break-down of the protein n etwor k. Therefore, even if some altered starch
granules have been observed, it is not possible to relate spaghetti cooking quality to these obser"Vations.
We agree that starch granule damage, which can tak e
place during extrusion [Lintas C, D'Appolonia BL
(1973). Effect of spaghetti processing on semolina
carbohydrates. Cereal Chern. 50, 563-570], negatively
affects pasta cook ing quality""is the broken granules
swell more quickly during cooking [Collison R (1968}.
Swell ing and gelation of starch. In : Starch and its
derivatives, JA Radley (ed.), Chapman and Hall Ltd.,
London, 168 -193].
R. Moss: What role does increased cooking time, per
se, have on pasta quality and is the time influenced
by porosity? How were the number of sheeting roll
passes determined, what is the influence of this factor on pasta porosity, cooking time and quality?
Authors: The optimal cooking time is evaluated as
the dtsappearance of the ce ntral ungelatinized core
of spaghetti. This factor depends on several chemical and physical characteristics of the pasta, such as
protein and water content, porosity, component organization and, obviously, s ize of the spaghe tti. For
this reason we suppose that the optimal cook ing time
has no direct relationship with cooking quality.
The sheet of dough was fed manually into the
shee ting rolls. The number of passes was c hose n by
visually evaluating the surface of the sheet that
should appear "velv ety". This aspect assures good
kneading.
The influence of the number of the
sheeting roll passes on pasta porosity, cooking ti me
and quality was not studied.
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Introduction
The r or.alion of vacuoles in wheat (~
aestivu• cv. Hiahbury) starchy endospera cells lias
studied usina e l ectron •icroscopy. So.e vacuoles
lo'ere always present, even in the coenocytic
cytoplasa. The first fo(lled endosperm cells were
hiahly vacuolated , but became filled wi th cytoplas11
as they grew older .
Various-sized pieces o f
cytoplasll were found in vacuoles of developin&;
endosper• cells, probably as a result of autophagic
sequestrution.
The membranes of the autopha"ic
vacuoles appeared to originate from the rough
e ndoplasmic reticulum and from extensio ns of
already-formed vacuoles . Autophagic activity was
confirmed by localizi ng the hydrolytic enzyme acid
phosphatase within the vacuoles.
The rough
endop las11i c reticulu11 (RER) also stained positive
for lhis enzy•e.

Despite nu•erous studies. the precise mode of
deposition of storage proteins in the developiug
starchy endosper11 of wheal re•ains unclear. Wh ile
lhis process has been studied by nur1erous
investisators, a great deal of controverHy exists
co nce r ning the process. One aspect is lhe route by
which the storage proteins e nter the vacuo les or
whether t hey are deposited into vacuoles at all.
An early hypothesis suggested thal protein bodies
were independent organelles capa bl e o f protein
sy uthesis a ud deposition.
This the ory was
supported by Morto n et a l . ( 1964) who reported that
protein bodies contained DNA and ribosomes ( with
lower sedirnentation values than those of the
cytop lasm) within a distinctive 1te11brane, and were
capable of in v itro protein synthesis. Si milarly
the susgeslion that vacuoles are the site o f
protein sy nthesis is based on the presence of
riboso11es associated wilh protein bodies (Bar low et
at.. 19 74). These resul ts are nol consistent wilh
•ore recent studies, which have led lo lhe proposal
or two dirferent JlechaniSIIS. The firsl is that the
protein is synthesized on the rouah endoplasaic
reticulua (RER) and transported possibly via the
Golgi apparatus into vacuoles (Greene,
1981;
Donovan et al., 1982). Alternatively. the protein
may be deposited directly within t he RER lu•en to
forra a body surrounded by a non- i nla ct meMbrane of
RER origi n (Mi flin et a!., 1981; 1983).
One problere in determining lh e precise mec hanis11
il:l
obtai ning
reprodu cib l e
and
art ifact-free
specimens. For example, some wor kers have reported
direct connections between RER and vacuoles
{Campbell et al., 1981; Parker, 1982) while others
have found none (Bechtel et al . , 1982a. b; Bechtel
and Barnett, 1986a, b).
Furthermore, wo rkers
differ in their views as to what co nstitutes "aood
fixation" of speci•ens (Hifl in el al., 1981; 1983 ).
In the present paper we report electron
•icroscopic studies whi ch show thal storaae
proteins are present within vacuoles during the
initia l stages o f protein deposition in developin&;
wheal endospera. We also show lhal the en larae•ent
of these vacuoles during t he early staaes of
developqeut occurs by an autopha&;ic process
involving the RER and at least one hydrolytic
enzy11e (acid phosphatase) 11ay be present within the
vacuoles when protein deposition is occurrina. The
results differ from studies conducted on root tips
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Be c htel et al .
(Marty , 19 78; Harty et al., 1980) i n that vacuo l es
are al ways present in deve l oping endosperm, eve u at
the ear li est stages of d i ff e r e ntiation.
Our
results
may
exp1ai n some
of
the
probl ems
experienced by early workers in interpreting t he
relationships betwee n RER, vacuoles, and pr otein
bodies.

typically prese nt within e ndos pertl cel ls , were
never observed in these sequestered r eg i o ns . Sane
r egions we r e l ess than a micrometer i n diameter
wh ile ot hers were several 11i cromelers across (Fi gs.
1 a nd 2) .
Present in t he ce ll during the
sequestration of cy t oplasm wit h i n membranes was RER
which had lost some or all of its ribosomes and had
become distended (F i gs. 3 and 4) . Ot her membranes
seemed more directly involved in seq uestering the
cytop lasm and were con necte d to pre-existing
vacuoles (Fig. 5) or s u rround ed portions of
cytoplasm (Fig . 6).
Another phe nome non observed
was vesi cles and RER surrounding portions o f
cytoplasm whi c h were devoid of most organe ll es
(Fig .7 ).
These partially surround ed regions
matc hed closely to those f ound within membrau es
(compare Figs. t- 3, 6 to 7).
By 17 OA F possible
remnants of cytoplasm were observed within vac uo l es
a l ong with prot ei n bodies (Fig. 8).
Cytochemica l analysis for acid phosphatas e was
cond ucted to dete rn ine if this ge neral hyd r o l ase,
wh ic h is t ypi call y associated with l ysosomal
systems, was localized within any of t he structures
associated with sequestered cy toplasm. A modified
Gomori
tec hnique wa~ used to l ocal i?.e acid
phosphatase activity in developing e ndosperm cells.
Para-nit r op heny l phosphate gave more consis t e nt
stai ning , thau did
gg ly ce r ol ph osp hate wit hout
large, ex tremel y dense deposits t hat obsc ured cel l
ultrastructu r e. The buffer-onl y cont r o l lacked any
staini ng of the endosperm <Fig . 9). Con t r ols using
i ncubation nedia minus the substrale a ll s ho wed a
small amount o f backgr ound staining consisti ng of
s ma ll,
dense
dispe rsed
deposits
in
RER,
mitochondria, cell walls, a nd nuclei (figs. 10 a nd
11) . In contrast, the sampl es wi th s ubstrate
present showed selective staining of the RER, snail
vesicles , vac uo l es, porli o ns of some protein
bodies,
and
cytop l asn
present
within
vacuo les. Vacuoles cout aini ng
cytoplas111 showed
rea c tion product on, in, and around the seq ueste r ed
cytopl asm ( Figs. 12- 14).
Th e periphery of some
prote in bodies a nd portions of the prote in granules

Materials and Methods
Wheat (Triticum aestivum cv Hig hbur y) used for
this study was grown either in field pl ots or in
g l ass houses at Rot hams ted Experimental Station ,
Harpenden, Eng l and during the summer of 198 7.
Individ ua l heads were ta gged at anthesis and
harveste d at various times du ring development,
typically; day o f flowering, 2, 4, 7, 9, 11. 14,
18, 21. 28 , 35, 42, a nd 50 days after flowering
(OAF) .
The middle
florets were used f o r
microscopy. Fixation for uicroscopy was conducted
as previousl y described ( Bechtel et a l ., 1982a)
using 2% glutaralde hyde (v/v) a nd 2% paraformaldeh yde (w/v).
Acid phosp hatase activity was locali ze d at the
ultrastructural l evel using a 111orlified Gonori
method (Gomori, 1952). Wheal endosperm tis s ue wa s
fixed 1 h i n 2% glutaralde hyde-2% para f orma ld e hyde
iu 0.05 M cacody la te buffer at pH 6.8 a nd 19 C.
Tissue was was he d 3 times for 10 min eac h with
buff er and once overnight to remove fixative.
Loca l ization media consist ed of 8.0 mM Sg l ycero l
phosphate or 2 . 7 mM para-nitrophenyl phos phate i n
0.05 M sod ium acetate buffer (pH 5.5) a nd 2 . 4 mM
l ead nitrate. in c ubation o f wheat endosp e rm was at
37 C for I h f o ll owed by 4 washes in acetate
buffer.
Lead contam ination was c hec ked for by
adding a d r op of ammonium sulfide to t he used wash
buffer. Contami nation was detected by the presence
o f a dark precipitate.
No lead was detecte d
f ollowing lhe second buffer rinse . Contro l s used
for acid p hosphatase loca li za ti on we r e incubati o n
medium mi nus t he substrate and mediUII minus
substrate and l ead nitrate .
Sa11Ples we r e t hen
prepared for light and e l ec tro n mi croscopy
previously descr ibed (Bec htel et al. , 1982a).

Figs . 1-8.
Electro n micrograp hs of autophagi c
vac uo les .
1. Regions of cytopl asm of 14 OAF
e ndosperm enclosed within vac uo l e me Mbranes are
characteristic
of
autophagic
vacuoles
(A) .
P=protein body.
2. Ma ss iv e region o f cytoplasm of
14 OAF endospen in various stages of digest ion (A)
surrounded by inta ct membran e (arrows). 3 . RER of
14 OAF cell showing dilations (a r rows ) and an
autop hagic vacuole (A) ~.;ontaining cytoplasm (C) a nd
protein granules (P). 4 . RER in 14 OAF endosperm
ce ll exhibiting dilettion i ulo vesicles as wel l as
vesicles in various stages o f losi ng ribosomes(*).
5. Long 1.11embranous exte nsi o n (a rrow) co ntinuous
wit h autophagic vacuo le (A ) and c l osely associated
with RER of 14 OAF ce ll.
6. Smal l portion of 14
OAF cytoplasm (C) surrounded by ribosome -less
cis ternal membrane ( arrows ).
7. Vesic les ( * )
I ining up and surround i ng a por tion of 14 OAF
cytoplasm destined t o become autop haa:ocytize d. 8.
Remnants of cytopl asm (C) and membrane (arrow) in
autop hagic vacuole {A) fr om 17 OAf subaleurone
cell.

A light 11 icroscopi c study con firmed previous
results concerning the presence of vacuoles ear ly
in e ndosp erm formation (Morrison and O'Brien, 1976;
Mares et al., 1977).
In order to study the
formation o f new vacuoles and enlargeme nt of
existing vacuoles, an examination of dev eloping
tissues was co nducted by electron mi cros copy. The
time fr ame for observati on was from 14-17 OAF wh e n
ce ll division in t he oute r endosperm tissue had
ceased a nd these cel ls possessed little storage
protein.
Exanination
was
limited
to
the
subale urone region, the first two ce ll laye rs
beneath the aleuro ne.
A f eature t hat was frequentl y observed was the
prese nce of a r eas of cy toplasm surrounde d by
membrane s (Figs. 1-3) .
The amount of cytop l asm
within the membranes was extremely variable in si ze
and the cytoplasm was compos ed only of aroundplasm, ribosomes , and oc casional membranes (F i gs.
1-3) . Organelles such as plastids, mitoc hondria,
Golgi bodi es , lipid droplets, and RER, that we re
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also stai ned positive ly (Figs . 15 -17). Staining of
the RER was not uniform.
RER associated wit h
vacuo l es stained positive while t hat further away
did not stain (Fig. 18 ).
In many cc.ses
posi lively-stained ER was f ~ und to be co ntinuous
with the t onopl ast, 'o Jith expanded r eg i o ns of
ribC'::.ome -Iess ER. or conn ecting vac uoles wit h
exrdnded ER (Figs. 19-22).
These ER-vacuole
co nn ectio ns were apparently li mited t o the period
of vac uo l e development because none were o bserved
past
this
pe ri od.
The
thin
filament-like
exte nsions of vacuol es a lso stained positive (F ig.
23).
Golgi bodi es wer e not usually stained, but
the few that were had reaction product iu the tra us
cis ternae and in t he trans Golgi network (Fig. 24).
Vesicles o f various sizes were also stai ned , some
o f whi c h we r e l ocate d nea r Go lgi bodies a nd protein
bodies ( Figs. 24 and 25).

root me ristems is t. hat t ubul ar provacuol es (::: the
tra ns Go l gi net work of Griffit hs and Simons , 1986 ;
::: GERL of Novikoff, 1976) wrap themselves aroun d
po rtions of cy t oplasm to eve ntually forn a double
membrane bounded structure . The enclosed piece o f
cytop l asm then become s digeste d ( Hart y, 1978; Marty
et al . , 1980).
We have observed a very similar
situati o n in wheat e nd ospe rm exce pt that the
"provacuo l e" memb ranes are derived fro11 RER a nd
pre-existing vacuoles rat her than frora the trans
Oo l gi netlo'ork. As the e ntire e ndomembrane systtm
teuds to be interrel ate d a ud iute rconnected, this
difference ma y not be of fu ndamental signifi cance.
!11 fact.
l he Golgi apparatus is preparing t o
packaze storage proteins at this tiae <Bechtel et
a!. 1982a ; Bechtel and Baruett , 1986a . b ) a nd 11ay
not be ab le to handl e th e ex tra burd en o f
participating iu autop hagy. This i s supported by
the f act that ve r y few Golgi bodies stain positive
f or acid phos phatas e where as t he RER stains
heavily. Ot her plaut syst ems al s o show varied acid
ph osp hatase locali zation ( He nry a nd Steer, 1985;
Gart ner and Nagl , 1980; Pyliotis et a} . , 1979)
indicating that a singl e mec han ism of auto phag y in
plants probab l y does not exist.
The observations of ves i cul ariza ti on o f RER and
o f vacuo l es continuous with ER 111ay be relate d to
vacuole i ni tia ti on. Pre viousl y we had been unable
to ideutify these couti nu ities using u.s. wheats
grown under fie 1d co nrl it ions condu cive to fast
growth (35 days from flow e ring to combin e harvest;
Bechte l et al . , 1982a; Bechtel a nd Barnett,
19 86a,b). As thes e co nti uuities are li111ited to t he
pe r iod o f vac uo l ation prior to storage protein
deposilion, the y probabl y contrib ute little to t he
direct fl ow of storage proteins into the vac uoles
as previous l y reported (S imra onds, 197 8; Campbe l l et
al., 1981; Parker . 1982 ).
Furthermo r e, the
l ocali zatiou o f acid phos pha tase within the RER
lumen l e nds P. reden ce to t he vie w that ER fu nctions
in vac uole prod uc li on.

The initia tio n of vacuo l es from t he ER and from
t he process of autophagy has been docume nt ed for
meristematic root tissue ( see Marty et al . , 1980
f o r a revie w>. Our r esu lts suggest that a si milar
system 11ay fun ction in t he i niti al productio n of
some of the wheat e ndospe rn vac uoles. The fi nd i ng
o f regions o f cy t opl asm lo'ithin intact "vacuole"
membranes could possibly result from a parti cula r
plane of sectioning through the e nd osperm ce ll. We
f ee l this exp l a natio n is hi g hl y uulike ly becaus e of
severa l observations. Fi rs t, the observed regions
of cytoplasm never possessed a ny o rg anelles ot her
t han
free
r ibosomes .
Since the memb ranes
surrounding the cytoplasm always lacked ribosomes,
a nd s mooth ER in wheat e ndosperm was li mited to
t ubular e l eme nts that int e r connecte d with RER
(Bec ht e l a nd Barnett. t986a, b ), it wo uld not be
possible t o obtain planes o f section t hat would
rese mble what we have o bserved . Furthermore many
of ou r micrographs are very similar to those fro m
root meris tems for wh ich cor responding hh:h va l tage
e l ectro n mi croscopy has con fi rmed t he t hre edime nsional structure o f t he autophagic system
( Mart y et al., 1980).
Fixation artifacts cou ld
also account for various meRibranous con figuratio ns .
We have previ ously investiga ted our fixation sc heme
using free ze- fra ct ure, f reeze-etc h te c hn iques on
fresh, glycerol t r eate d a nd c he mi cally t r eated
whe at endosperm ti ss ue and found that whil e , ou r
routi ne fixati on could result in brea kag e of t he
tonoplast (Bec htel and Barnett, 1986a), we did not
observe t h is ph e nome non with the prese nt sampl e s .
Probab l y the most co nvincing evide nce for the
opera li on of autop hagy in wheat endosperm is t he
acid
ph osphatase
l ocalizati on
within
the
se questere d cy t op I asm.
Acid phosphatase activity was l oca l ized within
ER, ve si c les , vacuoles, and protein bodies a nd
activity was highes t durinz meris tematic ac ti vity
and vac uol e growth. The nonuniform l ocalization o f
t he e nzyme ma y be ca used by poor penetration of the
reage nts ( Moore el a l., 1987) or by uneve n e nz rme
distribution . The prese nce of hydrolytic e nzymes
in vacuo l es of plan t tissues i s a common phenomen o n
(T haye r and Huf f aker, 1984: Henry and Stee r, 1985:
Wittenbach et al., 1982) and associa t ed with
autophagy (Ma rt y et a l ., 1980).
The \o'Ork i ng
hypot hes is for autophagy and vac uo l e f ormation in

Figs. 9- 17. Ac id phos phatase cytoc heflistry o f 14
DAF wh ea t eudospe rm.
1). Buf f e r only co ntrol
s how ing lack o f staining of mit oc ho ndri o n (M), RER ,
protei n body ( P ), and cytop lasm (C) in vacuo l e (V).
10. In c ubation 11ediUJD without substrat e shows
minima l stai ning of ct:! ll wa ll (CW) . mit oc ho nd rion
( M), an d RER ( * ).
11 , Hi nus substrat e contro l
ex h ibi t s
s ma ll
amount
of
stai u i ng
of
mitoc hondrion ( H) and nu cleus ( Nu ).
12. Early
stag e of autop hag y wi t h cytop l asm in vac uole (V)
surrounded br thin membra ne (a r rows ) and wit h acid
vhos phatase loca lized iu vacuo le ( * ).
13.
Autophagic vac uole in 12 OAF \olh eat endospe rm
showing acid phosphatase localiza ti on ( * ).
14.
Two a u tophagic vac uo l es (A and B) and a vesicle ( * )
staining pos itive f o r ac id phosphatase in 12 OAF
endosperm; A in a more advanced stage o f dizestion
t ha u B.
15. Acid phos phat ase l ocali za ti on ("")
around protein granule ( p ) and in vesicle (ar r ow) .
Note de nse iu c lusi on (D) is not positive f o r
l oca li za tion.
16. Posilive l oc alization o f acid
phosphatase ( * ) in protei n body ( p ) a nd RER.
17 .
Pro t ei n body ( p ) with posi Uvely-stained regions
( ... ).
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Localization of acid phosphatase within protein
bodies presents an interesting dil e11ma .
The
function of protein bodies as autophagic orga nel les
during seed germination had been hyp ot hesized
(Matile, 1968 ) and since proven ( Vander Wilden et
al . , 1980); the presence of hydrolytic enzymes is
necessary for the 11tobi l iza ti on of storage reserves
(Va n der Wilden et al., 1980).
Most e nzymes
presen t
during
germination,
however,
are
synthesized de novo and are different from the o nes
present during seed maturation.
It appears that
autophagy is active only in endospern ce lls for a
short period of time and probably does not
con tribute much membrane to the overall tonoplast
system as observed in more mature ce lls; the bulk
of the vacuo le enlaraement results fr om fusion of
various vesicles during grain filling (Bechtel et
al., t982b).
The process is important because
autop hagy is a nornal cellular process thal assists
in ridding cells of obsolete metabolic nachinery
and aids in r ecycli ng components.
Although the
vacuoles are produc ed by e ndosperm cells for the
deposition of storage proteins, it is surprising to
find that protein reserves are being deposited into
newly formed vacuoles which also contain the
hydrolytic e nzyme acid phosphatase.
Little is
known about the substrate specificity of hydro l ytic
enzytles that are present in developing cerea l
endosperns, and other hydrolases are probably also
present within the vacuo l es. This is supported by
th e similar activity profiles given by the bulk
protease and acid phosphatase assays (data not
shown).
What e ffe cts these enzymes have on the
protein storage reserves is unknown. Separation of
the
hydrola s es
a nd
protein
granules
in
subcompartmentl5 of the va cuole cou Jd I)Ct:Yt:lll 1a ixing
o f the enzymes a nd sto rage proteins.
A possible function for the phosphatases is to
break down phytic acid, a major compo ne nt of the
a l e urone cell, the outermost endosperm tissue . We
have frequentl y observed subaleurone ce lls that
appear to be intermediate in position and character
between aleurone a nd starchy endosperm cells in
you ng developing endosperms.
Since the mature
wheat grain has a single layer of aleurone ce lls,
the intermediate cel ls must have become typical
starc hy endosperm cel ls.
Hydro l ytic e nz ymes
including acid phosphatase could have a role in
regulating the differentiation of such cells by
digesti ng aleurone-specific cy toplasmi c components .
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Figs. 18-25. Acid phosphatase localization in 14
OAF wheat e ndosp erm.
18 . Section through wheat
endosperm showing only the RER (arrows) next to
vacuole (V) staining positi ve for acid phosphatase
while RER further away does not stain.
19.
Positively-stained REA continuous with tono- plast
(arrow) o f vacuole ( V).
20. RER in process of
ve sicle formation exhibiting positive staining !or
the enzyme.
21 . Acid phosphatase positive RER and
vesicle (*) continuous with a vacuole (V).
22 .
Two vacuoles (V) connected by positively-stained
RER (arrow).
23. Positive localization in long,
thin extension (arrows) of vacuole (V). 24. Golgi
bodi es in wheat endosperm wi th acid phosphatase
localized in the trans Colgi network and budding
vesicles (arrows).
25. Vesicles ("') near Golgi
body (C) and protein body (p) t hat have stained
positive for enzyme.
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section reconstructions, but they have not been of
much help in visualizing the three di11.ensional
aspects of this part of the cell.
Our freezefracture work has been very useful, however , and
shows close relationships between RER and vacuoles.
B. A. Stone:
In assessing the acid phosphatase
cytology can it be certain that the ER has, or does
not have, associated ribosomes?
Authors:
RER is RER when ribosomes are attached
and proteins are secreted into its lumen.
When
ribosomes fall off and are not replaced the ER
becomes smooth ER by definition. It no longer is
capable of participating in protein synthesis.
Reviewer IV:
What is the frequency of this
proposed mechanism of vacuole fornation?
Authors:
We do not have any numbers for its
occurrence, but feel it is prominent during the
starchy endospern cell growth stage when these
cells undergo a large expansion in cell volume.

77,428-432 .
Wittenbach, VA, Willy L, Herbert, RR . (1982) .
Vacuolar localization of proteases and degradation
of chloroplasts in mesophyll protoplasts from
senescing primary wheat leaves. Plant Physiol.

_Q.2,98-!02.
Discussion with Reviewers
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7 ,305-3!!?
Authors: The process you refer to was observed in
modified aleurone cells very early in development
and involves the proliferation of RER. Our system
occurs much later in development, is for the
starchy endosperm cells, and the RER raay possibly
function in autophagy.
The two systems are not
comparable.
M.G. Smart: Was any attempt made to reconstruct
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Authors:
We have a limited number of serial
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USE OF IMAGE ANALYSIS TO PREDICT MILLING EXTRACTION RATES OF WHEATS

A.D. Evers• and R.P. Withey

FLOUR MILLING AND BAKING RESEARCH ASSOCIATION
Chorleywood, Herts WD3 5SH England

Extraction rate
the weight of flour produced per 100
parts of wheat milled - is an important factor In milling
economics.
Hence, millers would like to be abfe to
predict extraction rates of samples offered.
Apart from
knowledge of characteristics of individual cultivars. gained
through experience or experimental evaluation, there is no
reliable means of predicting milling yield. Specific weight
measurement is performed routinely as a means of
eliminating samples with much shrivelling • a factor which
clearly reduces extraction rate - but if shrivelled samples
are excluded correlations between specific weight and
flour yield are generally acknowledged to be poor.
A
reliable
means of predicting extraction
rate would
undoubtedly eliminate one of the major deficiencies in
wlleal trading requirements.
Prediction
of
milling
extraction
rate
from
a
knowledge of grain morpholog ical characteristics has been
investigated in several studies. Characteristics such as
grain length and breadth , crease depth and embryo size
have been considered.
In some studies endosperm
content has been determined and related to milling
extraction rate and grain size (Simmons and Meredith,
1979).
It is well known that the presence of shrivelled
grains reduces milling yield. In addition to endorsing this,
grain measurement and segregation showed that even
well-filled small grains contained less endosperm than
large, well-filled grains, which gave better milling yields
(Simmons and Meredith, 1979).
Marshall et a/ (1984) used simple geometric models
to examine the effects of grain shape and size on milling
yie lds.
Their conclusions emphasized the Importance of
grain size rather than shape as being the most Important.
In spite of this the same authors (1986) later found that
the significant linear relationship between milling yield and
grain size found in samples of one cultivar grown at one
site, broke down when different cultivars were included,
even when they too were grown at the same sile. These
findings confirmed others which were cited, showing that
they represent general experience.
The universality of
the simple notional relationship between grain size and
endosperm content and hence extraction potential is thus
not confirmed by experimentation.

Image analysis of grain morphological characteristics was
examined as a possible means of predicting extraction
rates of a wide variety of wheat types.
Two elevations of
grain were eJamined and
measured. For the top view whole grains were used.
while for the lateral view grains were sagittally bisected in
the plane of the crease.
Extraction rate was assessed
on laboratory mills and expressed as flour yield.
Milling extraction rate correlated with one shape
factor with a coefficient of 0. 78.
Inclusion of a second
factor in a stepwise regression increased the correlation
coefficient to 0.925.
No satisfactory predictor of extraction rate exists at
present although some grain traders believe that high
grain specific weight indicates good milling quality.
Specific weights of the wheats involved in the present
study
were
measured
and
a
significant
negative
correlation with flour yield, was found.
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Image

analysis

provid~

a

mean:s

of

rapidly

assessing a range of morphological parameters that can
be correlated individually or together, with quality factors
measured by other methods.
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The process of image analysis occurs in a series
of stages as follows:
1. Image capture • in which a specimen is presented to
a TV camera which acquires an image that is capable of
con\/ersion into electronic signals suitable for digital
processing and storage.
2. Segmentation - in which regions of interest within the
image are separated one from the other, and from the
background.
The amount of processing at this stage
may be considerable.
Its extent depends upon the
complexity of the task • that is the number of different
regions requiring separation and the quality of the image
obtained from the camera.
3. Measuring • the image, having been digitized consists
of an array of picture points or pixels. Segmentation
permits object pixels to be distinguished from non-object
pixels. By counting pixels of different types area
relatio nships can be quantified and by noting relationships
of pixels (especially those at boundaries) one to another,
linear measurements and angular relationships can be
defined.
4. Analysis • Measurements taken on individual objects
can be related one to another and to the total image.
They are presented in a form that can be logged and
further analysed in data sets acquired from a group of
similar images.
Different
image
analysis
applications
require
emphasis to be placed at different stages in the process.
Even when applied to the same problem different
philosophies are adopted by users .
Thus, in applying
image
analysis
to
cereal
species
and
culti\/ar
discrimination se"eral approaches ha"e been adopted.
Symons and Fulcher p 988) examined grain sections so
that only a small portion of a grain filled the field of
\/iew.
Keefe and Draper (1986) relied upon information
acquired from side elevations of single whole grains while
Sapirstein et a/ {1987) imaged top elevations of several
Increasing the number of grains in
grains at one time.
a visual field speeds up the analysis and facilitates
consideration of a statistically acceptable number of grains
within each sample.
Howe\/er, it reduces the number of
pixels allocated to each grain and this reduces the
resolution.
The
decision
on
approach
is
clearly
subjective and largely arbitrary for little guidance is
available on what constitutes a representati\/e sample for
cultivar identification and what degree of resolution is
required to provide the necessary discrimination among
types.
In the clearly similar context of the present study
the choice of imaging procedure is equally subjective. In
view of the marked tack of success achieved in previous
attempts to relate grain morphology based on manual
measurements to extraction rate, the approach we
adopted was to acquire as much digitized information on
a grain as possible from the camera by examining a
maximally magnified image and to retain that information
by limiting image processing to a minimum. The latter
requirement can only be fulfilled if an image capable of
segmentation without processing is obtained, that is to
say the areas of interest must be clearly defined in the
original image.
The lack of success of manual methods also
influenced the decision to maximize the number of
parameters recorded by attempting to present internal as
Some
well as external structural details for analysis.
manual measurement studies had, in fact, measured the
crease depth. However, this defined the distance at one
point only and, as grain shape varies, the relationship
between this single measurement and the depth of

endosperm above the crease also can "ary.
To increase grain shape definition further both the
lateral view of the sagittally bisected grain and the top
\/iew were examined.
Since each grain could be
identified individually measurement from two directions not
only doubled the Information to be considered, it also
provided a means of assessing the reproducibility of the
measurements,
such
as
length,
common
to
both
elevations.
Materials & Methods
Image analysis
The Seescan 1.3000 image analysis system was
used. The digitized image is 256x256 rectangular pixels
with an aspect ratio of 3:2; and 128 grey shades are
provided. The system is mouse driven, the operator
making selections of functions from menus. Menus can
be changed through mouse operations and additional
routines may be added through programming as all
programmes are accessible. Routine operations are carried
out through task-lists which can be tailored by the
operator, via the mouse to suit his requirements. Once
initiated, task-lists proceed to completion without further
intervention although provision may be made in a task-list
for labelling or interactive processing.
For the two elevations examined different task lists
In the top-view task-list, only the
were compiled.
silhouette of the whole grain was required to be
measured and a single threshold was adequate.
In the
side-view task-list, grain silhouette and endosperm area
Interaction was
had to be measured separately.
provided for, only on silhouette outline in both cases.
The spatial
resolution
was constant throughout all
examinations.
Preparation of specimens tor examination
Presentation of grains in a consistent orientation is
Because no
vital for valid comparisons to be made.
suitable alternati\/e could be de\/ised, embedding of grain
was the method of grain preparation adopted. Embedding
is inevitably time consuming and could not be considered
as a method in routine analysis. However, at the stage
when worthwhi le parameters are being identified, the
embedding method has considerable merit.
When cast
in plastic the grains are held in robust blocks that are
The regular shape of blocks makes
easy to handle.
them easy to register for precision machining and for
location on a "stage" tor presentation to the camera.
Blocks can
be retained
for further examination
it
necessary, and a clear embedding medium permits the
detection
of
an
uninterrupted
outline,
facilitating
segmentation of the image captured against back-lighting.
The details of the system adopted for aligning
grains and casting blocks are as follows:
Casting chambers as shown in Figure 1 were used.
The grains were laid, with the embryo end consistently
oriented, crease downward so that it registered with the
rib on the base of the mold. The grains were retained
in alignment and observation from the top re\/ealed any
misaligned grains.
L.A. soft resin {London Resins
It is of low
Limited) was poured gently into the mold.
viscosity and its hydrophilic properties permitted rapid flow
and close adhesion to the grains with a minimum of
disturbance. Grains which became disturbed could be
easily realigned with forceps.
The resin becomes solid
within a few minutes but is best left for several hours to
For removing the cast, lowering the
harden completely.
temperature of the mold by placing it in melting ice
caused the mold to contract and separate form the cast.
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The mold was dismantled and the block removed. The
use of Ice gives considerable advantages over alternative
methods, including use of grease as a barrier or clear
adhesive tape on mating surfaces.
Some air bubbles trapped, particularly at the brush
ends of grains corrupted the outline and required
interactive definition of the silhouette during processing of
the image.
Casts
bear
a
groove
on
the
underside
corresponding to the rib on the base of the chamber.
Correct alignment can be confirmed by reference to this.
Materia l lying to the narrower side of the groove was
removed by use of an engineer's milling machine, which
gives a clean finish and can be controlled with precision.
Alternative methods, requiring less skill were tried.
Conventional band saws and cutting wheels (even
diamond wheels) caused burning and smearing of the
surface.

Figure 1.

for the camera.
The entire cast was first placed on the
perspex block with the top of the grains towards the
camera , and the grains were identified and measured in
sequence.
After machining to reveal the central
plane-face
the blocks
were
ra.examined
with
the
machined
face
towards
the
camera. Before
each
measuring session a standard length was measured to
ensure that calibration remained valid.

light

Exploded view of mold and cast.

Presentation of grains for imaging
Batches of 100 grains were randomly chosen by
means of a "Numigral " seed counter (Falling Number Co
Ltd). Damaged grains were discarded and replaced with
sound grains.
All accepted grains were embedded In
blocks of 10 as described above.
Top elevations were examined and measured belore
removal of the unwanted plastic and half-grains by
engineers' milling machine. Endosperms were stained with
iodine/potassium Iodide before presentation for lateral
elevation analysis.
A Phillips Video 4 (Newvicon) camera was used
with a 16mm F1 .4 lens.
The necessarily short worf<ing
distance was achieved by use of a 1Omm extension
ring .
Cameras of this type are best used in a horizontal
position, hence the presentation set-up {Rgure 2) was
designed to permit this. The camera was mounted in a
fixed position on a base.
Also on the base was a
mechanical microscope-stage permitting movement in the
direction of the optical axis and from left to right at right
angles to it.
A perspex block fixed to the mechanical
stage allowed blocks to be mounted at a suitable height

Figure 2. System of presentation of embedded grains to
T.V. camera.
Lighting
External measurements can be made from the
Image of a grain in si lhouette.
Hence, for this purpose,
back-lighting is suitable.
A 450 x 1OOmm light box
fitted with fluorescent tube, was mounted vertically behind
the sample stand, on the same base as the camera and
stand. For visualization of the exposed endosperm it is
necessary to provide incident lighting.
In meeting this
requirement several difficulties exist.
Uniform lighting is
difficult to provide under any circumstances but, in the
present set·up, the worf<ing distance of the camera lens,
adapted to achieve a large image of the grain, Imposed
additional problems. A solution to the problem has been
found by use of a Ueberf<uhn mirror. a parabolic reflector
mounted in the cowt surrounding the camera lens
(Thomson & Bradbury 1987). Light transmitted through
and around the specimen h'ock and the perspex holder,
is reflected on to the specimen face.
Adjustment of
the focal length of the camera permits coincidence of the
focal planes of lens and mirror, and the specimen can
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be examined in that position. Under these conditions the
two areas required could be defined.
Because
endosperm
varies
in
its
light
transmittance/reflectance properties as a result of variation
of mealiness/vitreousness, it has not been possible to
achieve sufficiently consistent imaging conditions for
providing co ntrast between endosperm and bran or
embryo regions. To provide greater consistency in
endosperm characteristics, iodine/potassium iodide solution
was applied to the exposed face.
All starch granules
become stained dark purple, permitting starchy endosperm
to be distinguished from surrounding tissues.
Before
applying the stain it has been found necessary to apply
a thin coat of resin (methacrylate is water permeable) to
the milled surface.
This prevents migration of starch
granules from the endosperm to other areas , where their
presence would reduce demarcation among tissues.
Different lighting conditions . have been found to be
optimal for the different views of grains.
For top
elevations a mask placed over the light box with a
window 130mm x SOmm high centered on the optical
axis, gave the best definition of the silhouette.
For side
elevations, in which two thresholds were needed, an
annulus of external diameter 40mm placed on the
unmasked light box was favored. A Wratten 12 (deep
yellow)optical filter was placed within the camera for both
elevations.
The lighting conditions were adopted after much
trial and error and the principles governing thei r
effectiveness are not understood in all cases.
They did
however cope well with variations in bran color among
wheat types.
Im age analysing
Task-lists were constructed to provide a sequence
ot operations such as that below.
e.g .

The automatic aspects of the entire sequence for
each grain look approximately 1Ss.
Operator activities
took perhaps another 30s. It was rarely necessary to alter
threshold levels and indeed much of the effort put into
imaging was to avoid this.
Occasionally grains could be
seen to be incorrectly orientated and hence cut in the
wrong place. An Mabort" facility was written into the task
lists to reject such grains.
Wheat samples
Details of the wheat types milled and examined are
given in Table 1.
Table 1 Wheat types milled and examined by Image
Analysis

Where

Milling

qual;ty

UK

Soft

Red

Poor

cv Avalon 1

UK

Hard

Red

Good

cv Avalon 2

UK

Hard

Red

Good

*CWRS No.1

Canada

V. hard

Red

Excellent

Hard

Red

Good

Soft

Red

Poor

cv Fortress
Ungraded

UK

Germany

cv Hornet 1

UK

V. soft

Red

Poor

cv Hornet 2

UK

V. soft

Red

Poor

cv Mercia

UK

Hard

Red

cv Yecora

Spain

V. Hard

White

Good
V. good

• Canada Western Red Spring Grade No. 1

~

Automatic

Millings were performed on a Buhler laboratory mill
(MLU 202) fitted with flour covers (160Jtm apertu re)
throughout. Wheat samples (2kg) were conditioned, and
milled after a lying time of 24h. A feed rate of 100g
min- 1 was employed and flour yields were expressed as
a percentage of feed stock . The tine offal fraction was
re-treated by one passage through a Buhler laboratory
Impact Finisher (MLU 302) so as to bring flou r yields
more closely in line with commercial practice. The
millroom was maintained at a temperature of 18°+ 1°C
and 64+ 2% relative humidity throughout.
Processing of Grain Data
In order to facilitate th e analysis of th e grain data,
the 1.3000 was connected to an Amstrad PPC640 portable
computer, via the serial port . The Amstrad was used as a
terminal to the 1.3000, (replacing Its usual terminal) , using
a program written in C.
This program also had the
facility to save all incoming data to a disk file. The data
thus saved could then be analysed on an IBM AT
computer. Since no single software package was available
which could perform all the necessary analysis, several
packages were used, including Lotus 1-2-3, for basic
analysis and data manipulation; GLIM, for more detailed
analysis, and SAM (Statistical Analysis for Microcomputers) ,
for
stepwise
regression.
A
certain
amount
of
preprocessing
of
the
data
was
necessary,
using
custom-written Basic programs.

_::::.. ~ sta rt ~

Display identification ::::
facility
"-..
/
Display grey image

Capture image

.... Enter label

~
~ "Capture •

A

+

Threshold at standard
grey levels
~.....

•

Colour

cv Apollo

Sideview

Return for
next grain

Texture

grown

Measure silhouette

.JA/

Vary or accept

& geometric parameters, ,
Identify
endosperm
Measure endosperm

/

t

Send data to
computer

'

Display, store
and print
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Fig. 38: Side elevation
Milling Results
Details of the millings of the ten wheat types are
shown in Table 2.

-----------t,-,
'

~

Aour yields as a proportio n of grain weight

A,
Finisher

Toto!

Wheat type

Break

Reduction

cv Apollo

12.99

54.15

6.62

73.76

cv Avalon 1

16.98

57.65

3.38

78.01

cv Avalon 2

16.56

57.61

3.06

77 .23

CWRS No.1

16.59

56.71

2.84

76.14

cv Fortress

14.39

57.82

4.10

76.31

h

As

German

13.98

57.89

5.18

77.05

cv Hornet 1

14.56

53.55

6.21

74.32

cv Hornet 2

15.29

45.03

9.64

69.96

cv Mercia

13.71

56.31

3.83

73.85

13.48

54.76

4.26

72.50

~-- - - - - Ll

Fig . Jb: Top elevation

I

12

cv Yecora

Extraction rates varied between 69.96% and 78.01%.
In all cases the first reduction provided the most flour
and In all cases but one the first two reductions
produced more than 60% of the total.
The ellception
was Hornet 2. This wheat gave the lowest total flour
yield and the first two reduction flours contributed tess
than 50% of the total. Examination of the milling details
led to the condusion that the sample had behaved
exceptionally, probabty as a resutt of sieves having been
blocked, and that this had led to an artificially low
recorded flour yield.
Insufficient stock remained for a
repeat ml11ing. The results of Hornet 2 were &llcluded
from data analysis.
Ideally, extraction rates should be ellpressed at a
consistent grade colour figure
(G.C.F) since when
extraction rate Is controlled by variation of milling
condition s, changes in G.C.F. are almost inevitabl e. A
basis for correction has been suggested (Dexter and
Martin 1986) but in the present exercise the milling
conditions were identical for all wheat types and
extraction rates were accepted was found •, no attempt
being made to adjust for G.C.F., which is also influenced
by other factors such as bran color.
Image analvsis results
At least 100 grains of each wheat type were
embedded in London resin (soft) as described above. AU
grains were identified and examined by image analysis in
both
top
and
side
elevation.
When
necessary
intervention by the operator took place to define part of
the outline where the boundary of the silhouette was not
clear.
The parameters that were measured for each grain
are ellplalned In Figure 3.

----..;...---- 1,__.:

Fig . 3: Automatically recorded paramelers of grains on segmented
images. a) Side elevation b) Top elevation.
In a A 1 is the area of exposed endosperm and A!$ Is the total
projected lateral area .
In b AT Is the total projected top area .
Other comparators were computed as follows:
Side elevation
Top elevation
Fullness
hi: As
Fullness
wl : AT
Aspect ratio
h :I
Aspect ratio
w:/
Leng th ratio
: /2
Area ratio
A, :As
Upper slope
h, : /'2/2
Slope 1
tan a 1
Lower slope
h, : Yal2
Slope 2
tan a 2
Embryo slope h, :/2
A number of grains had to be eliminated owing to
poor image resolution, and only those grains for which
both views provided adequate images were considered for
statistical analysis.
The final numbers accepted for all types are shown
In Tab'e 3.
Measurements of CWRS appeared to be
prone to considerable error and 01 Appollo and cv
Mercia also fell considerably below 100 grains each.
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The three best relationships were length ratio
(side) , length ratio (top) , Angle 1 (lop) and embryo slope
(side) .
The length ratio defines the relative distance of the
groin's widest point (strictly tint rnid-voint of the pi~~.et s in
the highest row) from the embryo tip.
The high
correlations with extraction rate achieved by this ratio
measured both in top and side elevations suggests that it
is an important charaderistic of grain shape In the
present context. Only the better relationship is shown in
graphic form (Figure 4). Most points lle close to a
notional line, with CWRS as an outlier. The two next-best
relationships found were with stope length 1 measured in
the top elevations and embryo slope , measured in the
side elevation.
In the former, (Figure 5) the correlation
Is very dependent upon the lowest point , while in the
latter, most points lie close to a line, with one outlier
(Figure 6) .

Table 3 Nos. of grains accepted for anatysis
No. of accepted grains

Wheat type

45

cv

Apollo

cv

Avalon 1

94

CV

Avalon 2

167
22

CWRS No . 1

87

Fortress

CV

102

German

cv

Hemet 1

95

cv

Hornet 2

113

CV

Mercia

60

CV

Yecora

156
78

r = 0 .779

• German
"'0

Correlation coefficients for the regression of each
parameter on extraction rate are shown in Table 4 and
the details of selected realtionships are shown in Figures
4-8 .

76

•CWRS

74

Ap.1 Mer.

•Fort

~
•Horn

•Yec.

7>+o~_r8o_______
o.'85 ----~oc
. o~o------o,_o_s_____
Side length ratio

Table 4 Correlations with milling extraction rate and
measured or derived charaderistics - 9 samples (Hornet

Figure 4. Relationship between flour yield {% of weight
of feedstock, 14% moisture basis) and length ratio
measured on the side elevation of grains. The points
are idenfitied with the name of the wheat type to which
they relate . On other graphs identification is possible by
reference to respective positions on the •yield. axis.

2~-

Side elevation

Top elevation
Length ratio

0.685·

Length ratio

0.779 *

Angle 1

0.551

Area ratio

0.217

Angle 2

0.122

Upper slope

-0.185

Area

0.209

Lower slope

0.328

Length
Width
Fullness
Aspect ratio

·0.026
0.387

Embryo slope

78

. 0.550
0.114

Area

• O.D18

Length

. 0.082

0.439

Height

• 0.282

Fullness

0.486

Aspect ratio

0 . ~42

76

"~
74

72
21

Other

Specific weight

-0. 737*

1000 grain wt

-0.089

• = significant

r= 0 .551

23

25

27

29

Top slope length 1

Figure 5.
Relationship between flour yield
length 1 as measured on the top elevation.
at 5% level
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78

T - 5 Stepw;se CO<Telation between e>dnldion rate and
R>O<phologkal descrip6oos. ~ 2 exduded).

r =-0.55

Step

76

"
£
74

0.92

0 .84

1.00

1.08

Embryo slope

Figure 6. Relationship between flour yield and embryo
slope as measured on the side elevation.
78

76

Corre4ation

0.779

Length

0.925

Upper slope (side)

0.951

Fullness (top)

0.994

For comparison with the relationships established
through image analysis measurements, particularly that
with length ratios, that between extraction rate and
specific weight is also shown (Figure 9) .
While the
correlation coefficient for the latter is relatively high , it is
a negative one; the reverse of that normally relied upon
in
predicting
milling extraction
rate.
The
high
coefficient appears to depend mainly on the influence of
three points representing two wheat types (Avalon ,
characterised by a low specific weight, and Yecora with a
high specific weight) .

12L-,------,-------.------,-----~

0 .76

Variable

Length ratio (side)

r= ·0.026

.

78

r=-0.737

~

>
74

'

76
:!!

;
72
0 .54

74

0.7

0 .66

0.62

0 .58

Length

Figure 7.
length.

Relationship

between

flour yield

and

grain

72+------r-----,------~-----r-----,
71
73
75
17
79
81

r=-0. 185

78

Specific weight

Figure 9.
Relationship between flour yield and specific
weight of grain.

76

74
The unusual relationship between specific weight
and flour yie ld demonstrates the Inadequacy of this
measurement as a predictive factor when several wheat
types are under consideration.
It also demonstrates the
hazards involved in considering a small number of grain
types in a comparison of this nature.
Clearly a larger
number would be more reliable lor giving an Indication of
the consistency of the relationships lnvotved.
The
removal of Hornet 2 due to its anomalous milling made a
substantial difference to all the correlation coefficients,
which demonstrates the distorting influence of a single
result when so few results are available.
In spite of all the exporimontol deficiencies that
came to light in the analysis the correlation between
length ratios and flour yield are encouraging.
A
regression based on the 9 samples falls close to all the
European wheats in the set, leaving only CWAS as an
outlier. While a universal relationship would be highly

72~-------,---------.--------~

0 .35

0 .3 7

0.39

0.41

Side upper slope

Figure 8.
Relationship between flour yield
slope measured on the side elevation.

and

upper

Because the three measurements depicted in
Figures 5 and 6 are apparently closety related to the
length ratios they do not contribute greatly to the
establi~hmont of o. stop-wi~e correlation.
The greatest
contribution here comes from the length itself, which, on
its own, is correlated poorly with extraction rate (Rgure
7).
The best further introduction into the stepwise
correlation is the side upper slope (Figure 8).
The
entire stepwise correlation is shown in Table 5.
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desirable, one describing European wheats only will be
extremely useful and worthwhile.
The present results
give rise to far more optimism than have previous
morphology-based systems of prediction (see introduction
for references).
As well as being time consuming the embedding
method of grain preparation and presentation proved
unsatisfactory In that Interactive definition of length was
too frequently required because of air bells, particu larly In
the bru sh area. This led to an unexpectedly high
difference between the lengths measured in the two grain
orientations and the consequent rejection of many grains
from the analysis. The number rejected was particularly
high in the case of CWRS wheat, and this factor may
have contributed to its outlying position in Figure 4. The
smallness of the grains and their narrow crease gave rise
to problems in orientation since the rib on the mold
base did not fit the crease in some cases.
Consideration of more than one factor to give a
stepwise regression was expected to be necessary to
achieve a correlation of 0.9 or better.
In the event
only two descriptors were needed. Steps beyond two
have little meaning when such small numbers of samples
are involved but the possibilities for considering several
steps in dealing with larger numbers in the future
remain.
The small set of samples that we were able to
analyse produced results which suggest that the method
should be pursued .
Greater numbers of sampl es should
be examined taking the same measurements but using
improved
methods for preparation and presentation.
Although It Is difficult to justify continued examination of
endosperm area/total area relationships on the basis of
the correlation attained, it would be premature to exclude
this as a poss1ble factor at this stage, even though the
preparation of the surface is complicated by this
requirement.
The morphological factors which appear to be
important in determining extraction rate were unexpected
and no explanation can be offered for their manner of
influence. Should they prove to be as well related to
milling quality as this preliminary survey suggests, not
only will they offer a basis of mill intake assessment and
early selection screening for b;eeders but may ultimately
lead to a better understanding of the fundamental
influences on milling quality.

Dexter J E, Martin D G (1986).
The effect of
prebreak conditions on the milling pertormance of some
Canadian wheats. J. Cereal Sci., 4, 157· 169.
Keefe P D. Draper S A (1986) .
The measurement
of new characters for cultivar identification In wheat using
machine vision. Seed Sci. and Technol., 14, 715·724.
Marshall D A, Ellison FW, Mares D J (1984).
Effects of grain shape and size on milling yields in
wheat. I Theoretical analysis based on simpl e geometric
models. Aust. J. Agric. Res. 35, 619·630.
Marshall D A, Mares D J, Moss H J, Ellison F W
(1986). Effects of grain shape and size on milling yields
in wheat. II Experimental studies. Aust. J Agric. Res. 37,

331-342.
Sapirstein H D, Neuman M, Wright E H, Schwedyk
E, Bushuk W (1987}. An instrumental system for cereal
grain classification using digital image analysis. J. Cereal
Sci. 6. 3·14.
Simmons L, Meredith P (1979) .
Width, weight,
endosperm, and bran of the wheat grain as determinants
of flour milling yield in normal and shrivelled wheats.
New Zealand J. Science 22, 1·1 0.
Symons S J , Fulcher A G (1988) .
Determination
of wheat kernel morphological variatron by digital image
analysis:
II Variation in cultlvars of soft white winter
wheats. J. Cereal Sci. 8. 219·229.
Thomson D J , Bradbury S (1987).
An Introduction
to Photomicrography.
p58, Royal Microscopical Society,
Oxford/Oxford University Press. New York.

Discussion with Reviewers
~

Although the authors see a benefit in gaining
as much morphological data as possible, is there not a
penalty in effort in embedding and milling the grains,
which reduces the number or replicates that can be
studied for each cultivar whilst also generating errors in
the determination of L and As?
Authors: Yes.
There is a dilemma which has to be
resolved by personal judgement.
As we collect more
data a sounder basis for such decisions will emerge.

R. Angold: Does the milling accurately define the centre
of the crease? Very small errors of registration might be
expected to generate large variations In the value of A 1.
Authors: We have not attempted to quantify the errors
Involved in variations of this kind .
Our subjective
judgement is that those grains wtlose data were accepted
for inclusion in the anlaysis, were comparable in this
regard. The high level of rejection reflects our attention
to this factor.
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A. Angold: Could the inclusion of the soft cultivars Hornet
and Apollo have given rise to differing extraction rates for
reasons other than grain shape factors?
Would there
have been greater benefit in more replicates of a single
hard variety?
Authors:
Our experiment included two cultivars which
were duplicated in an effort to Include intra-varietal
comparisons. Unfortunately Hornet 2 was eliminated
leaving only Avalon with two replicates. There are many
comparisons still to be made and the experiment we
reported must be regarded as preliminary.
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W. Bushuk: What is the basis tor selecting the best
three relationships?
Authors:
The method of selection used was forward
stepwise regression: at each stage, the measurement
explaining
the
most
variation
not
explained
by
measurements already chosen was included.
Thus
although one measurement may have a higher simple
correlation with extraction rate than others if that
measurement Is also highly correlated with a further
measurement, it might not provide any further reduction
in variation when this third measurement is taken Into
account.

W. Bushuk: I do not think that one should

expect a

strong

(using

relationship

between

extraction

rate

a

constant milling procedure) and specific weight for a set
of samples that differ so widely in hardness.
Authors:
We agree, although we were surprised that it
was negative.
The reason for including this was to
show how difficult it is to predict extraction rate. Specific
weight is the onty existing parameter that we know of
which might even be considered as a possibility,
~

Why are Newvicon cameras best used in a
horizontal position?
Authors:
All tube·technology cameras are best used in
an orientation in which debris from the electron tube
cannot fall on to the face--plate and damage the
phosphor.

S.J.Symons: Old the authors consider vacuum infiltration
of the resin to remove air bubbles trapped by the
brush?
: Had they tried to overcome the problem of
R. An
air bubbles trapped in the beard hairs by the use of
vacuum during embedding?
Authors: Our attempts to eliminate bubbles by this means
were unsuccessfuL Air was dislodged from the brush in
some cases but it rarely migrated far enough from the
grains before the viscosity of the resin increased enough
to immobllise it. Handling the system inside a chamber
was very Inconvenient.
~ Are the authors aware of statistical packages
such as GENSTAT or SAS, which would provide a more
comprehensive statistical analysis procedure than that
obtained from the multitude of packages listed?
Authors,: Yes we now have GENSTAT and wish we could
afford SAS.

S.J.S mons: The authors find length ratio as the best
prediction of flour yield. This suggests kernel shape Is
of significance here.
CWRS are reported as small
kernels with a narrow crease. Does this suggest to the
authors that CWRS kernels are fundamentally different in
shape to kernels of UK or European origin?
Authors: We would not reach this conclusion on the
basis of the limited data available but the point is an
interesting one.
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Abstract

Introduction

Coagulation of pasteurized (63'C for 30 min)
milk and blending of the resulting curd w1th highfat cream followed by heat treatment (44' to ao•c
for 10 min) of the blend in preparation of a hotpack cheese spread led to the formation of a
gr1tty product. Microscopic examination of hard
particles causing the grittiness indicated that
they consisted of compacted protein. Staining for
calcium fa1led to detect any elevated concentration of this element in the particles. They were

The manufacture of some dairy products 1s
based on mixing cultured or acid curd with highfat cream and homogenizing the mixtures [10, 11]
to form suspens 1ons and emu 1s 1ons. The cons 1s tency
of the product depends on its mol sture and fat
con tent. Thickening agents such as ge 1at in, starch
gel, carrageenan, alginates, or various gums may
be used to stabilize the suspensions or emulsions
and increase their water-holding capacity and
viscosity.
Occasiona ll y, grittine ss develops in a newly
formulated product , wh 1ch means that the presence
of small hard particles can be detected by sensory
evaluation. In dairy products, particles which may
cause grittiness or1g1nate from interactions between protein and various ingredients such as
carrageenan, alginates, and other thickening
agents [9], from the development of crystalline
inclusions such as calcium phosphate and calcium
lactate [4], or amino ac id crystal s [6] , from the
occurrence of compacted protein particles, and
from other unidentified sources.
In this study, optical fluorescence microscopy and electron microscopy were used to examine
grittiness in milk curd used in the manufacture of
a spreadable milk product.

amorp hou s and contai ned no crystal line structures.

Encapsulation of the gr1tty curd i n agar gel
tubes made 1t possible to freeze-fra cture the
small hard particles and to examine their internal
s tructure by scann1ng electron microscopy. The
hard or gr1tty particles consisted of compacted
protein. This was confirmed by transmission electron microscopy of th1n sections of the product
embedded 1n a resin.
The unpa s teurized (unheated) cold-pack chee se
spread prepared from the same ingredients was
smooth with no gritt i ness defect. Based on the
findings, grittiness was avoided in the hot-pack
product by using curd obtained by coagulating milk
which had previously been heated to 90'C for
10 min.

Materials and Methods
Preparation of curd
Milk (3.25% protein , 3.7% fat), obtai ned from
the Greenbelt Farm of Agricult ure Ca nada, was vat
pasteurized at 63'C for 30 min . The mtlk was cooled to 27'C and inoculated with 2% lactic acidproducing starter culture. A mixed lactic acid and
diacetyl producing culture (Code 5270) was obtained from the Rose l l Institute, Inc. (Montreal,
Quebec, Canada) and used in most of the experiments. An alternate single-strain culture, designated C2, was also used to see i f the
grittiness was culture related.
Twenty minutes after filling the cheese vat
with approximately 200 L of milk, 4.2 ml (diluted
20:1 with distilled water) of single strength calf
rennet (Chr. Hansen's Laboratory, Inc., Mtlwaukee,
WI) was added . The pH of the mixture was monitored
by means of a Radiometer Model 26 pH-meter equipped w1th a Jena Thalamid combination electrode.
After the pH had decreased to 5.85, approximately

Initial pape r r e ceived July 12, 1989
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4 h and 20 m1n after starter addition, the coagulated milk was cut using 1.25 em knives. Irrmed1 ately after cutting , the vat was cooled to lO'C
and left overnight under quiescent cond1tions.
Whey was drained from the vat on the follow i ng
morning. The curd was placed in 20 kg hoops and
allowed to drain for an additional period of 24 h
before use.
Aci d curd was prepared by the same procedure
except rennet was om1 tted and the curd was not cut
until the pH had declined to 4.02 (11 h after
starter addition). Flow diagrams for both types of
curd are shown in Fig. 1.
Preparation of cheese spread
The cheese spread product was formulated to
contain approximately 85'/: curd (approximately 35'/:
sol ids), 8 to 10'/: cream (50 to 60'/: mllkfat), 5'/:
sucrose, and 0.2'/: sodium alginate. Cream was added
to a dry blend of sugar and stabilizer contained
in a Groen processing kettle (Model TOC/TA-20SP).
The mixture was pasteurized at ao•c for 10 m1n and
then cooled to 30'-35'C. Cheese curd was then
blended with the cream, sugar, and stabi 1 iz er
mixture by means of a Polytron blender, Model 4
STE. The mixture, with the exception of the control treatment, was pasteurized by heating to
63 ' C. After holding for 30 min at 63'C, the product was homogenized in a two-stage Gaulin homogenizer, Model 769441, at total pressure of 17.2
MPa. The product was packaged directly into 100-mL
containers and refrigerated at 4'C. In the subsequent discussion , the pasteurized product will be
referred to as the "hot-pack. product" whereas the
control or unpasteurized cheese will be referred
to as the "COld-pack product". F1g. 2: shows the
flow diagram for both the cold-pack and the hotpack. products.
Anahtical procedures
Fat and nitrogen were determined according to
the AOAC procedures [2] and total solids were
determined using a CEM Model AYC-80 microwave
moisture oven, Nitrogen was converted to prote i n
using a factor of 6.38.
Evaluation of grittiness
Grittiness of various degrees which developed
in several experimental variations was evaluated
subjectively by mouthfeel and by visual examination under a low-magnification dissecting mic roscope.
Fluorescence m1 croscopy
The c hee se samples were fixed with
2.5%
glutaraldehyde for 24 h, embedded in Histo Prep
(Fisher Scientific Co., Fair Lawn, NJ, USA) s up port medium for cryo-sectioning, mounted on cold
object disks, and frozen immediately at -25'C.
Frozen sections , 4-6 IJ11l thick, were obtained using
a cryo-microtome (Reichert-Jung Scientific In st ru ments, Belleville, Ontario, Canada) and affi xed to
glass slides for subsequent staining and microscopic examination.
To reveal the distribution of grltty particles in the cheese preparations, the frozen sections were stained with 0.1'/: (w/v) aqueous Fast
Green FCF according to a method simi 1ar to that
described by Chayen et al. [5]. Alternatively , the
sections were stained with 0.1"/. (w/v) Acr i d i ne
Orange [14].
To detect the presence of calc1um-conta1n1ng
structures 1n the cheese spread, the sections were

treated with 5'/: (w/v) silver nitrate followed wlth
5'/: (w/v) sod i um thiosulphate accord ing to the Van
Kossa's procedure descr i bed by Thompso n [13] and
Yiu [14),
All stained sectlons were rin sed with distil-

led water, air-dr1ed, and mounted w1th non-fluorescent inmersion oil under cover s lips. Stained
sections were then examined using a Zeiss Universal Research Photomicro scope (Carl Zelss Ltd.,
Montreal, Quebec, Canada) equipped with polarizing,
bright-field, and
fluore sce nce
optics.

~
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Flow d i agrams for acid and renneted curd .
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treatme nt at 44 11 to 63°C for 30 min may have led
to the formation of small hard particles causing
the hot-pack product to be gritty. However, pasteurization of the cheese spread is necessary to
extend the shelf 1 i fe of the product.
The presence of hard particles which caused
grittiness in the hot-pack cheese spread was easily recognized by sensory evaluation, in particular
by mouthfeel, and also visually by viewing a smear
under a dissecting microscope.
Rapid screening of the structure, size, and
dist ribution of the gritty particles present in
the cheese samples was conducted by fluorescence
microscopy using Fast Green FCF and Acridine
Orange as staining reagents. The structure of the
smooth cold-pack cream cheese spread 1s shown in
Fig. 3. Fast Green FCF provided the best visual
contrast between the particles causing grittiness
and the su rro unding matrix when the samples were
excited at the 450-490 nm wavelength. The gritty
partic le s imparted a yellow fluorescence against
the red f lu orescing background of the matrix .
Positive interactions between Fast Green FCF and
the gritty particles as well as their surrounding
matrix suggested that both the gritty particles
and the matrix contained protein. At a low magnification, the particles appeared as irregular
clusters, varying in size and shape, embedded in a
homogeneous matrix (Fig. 4). The particle sizes
ranged from 10 to 100 ~m in diameter and their
shapes varied from being elongated, near-spherical, to irregular. They were distributed at random
throughout the cheese spread samples. At a higher
magnificatio n , they appeared as densely aggregated
masses which lacked visible microstructural details (Fig. 5). The different colour fluorescence
detected after staining with Fast Green FCF indicated that the gritty particles differed from the
surrounding protein matrix in terms of their affinity for the dye. Changes in the dye-binding
property may imply chemical modlfication of the
protein curd resulting from the heating process or
t hey may reflect a difference in chemical composition such as the presence of components other than
protein.
No birefringence was noticed when the particles causing grittiness were examined under polarized light, indicating that the particles were not
crystalline. They also failed to give a positive
reaction with a silver nitrate solution in the Von
Kassa method which is reconmended for the detection of calcium phosphate crystals in cheese [4,
14]. Thus, the grittiness of the hot-pack cheese
spread was not caused by the presence of crysta l line mineral salts or salts containing calcium.
A higher resolution such as that provided by
a scanning electron microscope was used to reveal
more detail of the gritty particle structure.
In order to establish the nature of the particles, their internal structure was examined.
Encapsulation of the viscous samp le s in agar gel
tubes made it poss ible to handle them as sol id
samples, /.e., to fix them, dehydrate, and freezefracture them. Freeze-fracturing of the samples
impregnated w1th absolu te ethanol produced smooth
fracture planes (Fig. 6) running through the casein particles, thus opening their interi o r for
examination. The smooth gels (cold-pack) had relatively uniform protein matrices (Fig. 7) which

A fluorescence filter combination with a dichromatic beam sp li tter and an exciter/ barrier filter
set for ma ximum transmission at 450-490 nm/>520 nm
was used for the fluorescence analysis. Micrographs were recorded on 35 rrm Ektachrome 400 daylight diapos1t1ve film from which colour prints
were obtai ned.
Scanning electron microscopy (SEM)
The samples were encapsulated in agar gel
tubes (inner diameter of 1.0 rrm) using a method
described earlier [1, 7], fixed in a 2.5% glutaraldehyde solution for 24 h, dehydrated in a graded
ethanol series, frozen in me lting Freon 12 at
-l50°C, and freeze-fractured under 1 iquid nitrogen. The fragments were thawed in absolute ethanol
at 20°-25°C and were critical-point dried from
carbon dioxide. Dry fragments were mounted on
aluminum stubs, sputter-coated with gold, and
examined in an lSI DS-130 microscope which had
been equipped with an external oscilloscope [3],
and operated at 20 I<V. Micrographs were taken on
35-nm 125-ASA fi 1m.
Transmission e le ctron microscopy (TEMl
Als o for TEM, the samples were first encapsulated in agar gel [7] in order to prevent them
from disintegrating during preparatory steps. The
encapsulated samples were fixed in a 2.5% glutar aldehyde so luti on for 24 h, postfixed in a buffered (0.05 M veronal-acetate buffer, pH 6.75) 2%
osmium tetroxide solution for 2 h, dehydrated in a
graded ethanol series, and embedded in a Spurr's
low-viscosity resin (J. B. EM Service, Inc.,
Pointe Claire-Dorval, Quebec, Canada). Sections
stained w1th uranyl acetate and lead citrate solutions were examined in a Philips EM-300 electron
microscope operated at 60 kV.
Results and Discussion
The curd used in the preparation of the
cheese spread contained approximately 35% so 1 ids,
17-18,; fat, and 14% protein and had a pH of
4.5 ± 0. L The addition of cream and sugar increased the total sol ids and fat contents to approximately 40% and 20%, respectively, in the
finished cheese spread . There was about 12% protein and 10% fat in the final product and its pH
was 4.60 ± 0.05.
The texture of the cheese spreads produced by
this process varied from smooth for the cold-pack
product to gritty for the hot-pack spread. Reasons
for the development of the gritty texture during
the in1tial part of this experimentation remain
unclear. A redu ction in the temperature of heat
treatment, after the curd was blended with the
pasteurized cream, sugar, and stabilizer mixture,
failed to resolve the problem: grittiness was
observed even when the product was held at 44°C
for 30 min. Attempts to redu ce the grittiness
through double or even triple homogenizing were
onl y partially successful. Other measures taken,
i ncluding the use of buffering salts such as trisodium phosphate (Na 3 P0 4 ) to raise the pH to 5.8
prior to heating, using acid-coagulated curd
rather than renneted curd, as well as changing
from the Rosell 5270 mixed culture to the c2 cu lture failed to resol ve the grittiness problem.
From the fact that the cold-pack cheese
spread was smooth, it is apparent that the heat
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~Encapsulati on In an agar gel tube
(arrow)
makes It possible to examine a freeze-fractured
cold-pack cheese spread sample at a low magnlflcat ion using convent lena 1 SEM. Freeze-fra ctur lng
produces a smooth fracture plane (P} _
~
SEM of a smooth cold- pack cheese spread
made from pasteurized (63°C, 30 min) milk shows a
protein matrix to be composed of relatively uniform small particles.
~Detail of the fluffy particles
constitutIng a smooth co l d-pack cheese spread made from
pasteurized (63°C, 30 min) milk.

t~~~-;~-;~~~;;;~;~~;-;~~;~~;;~~-~-;-;~~~~--~~7~=
pack cheese spread made from pasteur I zed (63°C, 30
min) milk. Staining with Acridine Orange shows a
unIform prate In matrIx (green fluorescence. I arge
arrows) wl th evenly dlstr lbuted I act lc acid bacteria (yellow fluorescence, small arrows).
~
Fluorescence microscopy of a gritty hotpack cheese spread made from pasteur I zed (63°C, 30
min) milk. Particles causing grittiness (arrows)
appear bright yellow on a reddish background of
the uniform protein matrix. Staining with Fast
Green FCF.
~Detail of a particle causing grittiness in
hot-pack cheese spread made from pa steur I zed
(63°C, 30 min) milk. Conditions for fluorescence
microscopy were the same as In Fig. 3 except for a
higher magnIfIcation.
~
F 1uorescence m1croscopy of a hot-pack
cheese spread (made from heated (90°C, 10 min)
milk) containing a stabilizer (large arrow) shows
a heterogeneous structure. Case 1n part 1c 1e aggregates (smelt arrows) vary In dimensions. Staining
wl th Fast Green FCF.
~Fluorescence microscopic detail of stabilizer part lcles (arrows) present In a hot-pack
cheese spread sample. Staining with Fast Green
FCF.
~Homogenization of the curd which contained caooln po1rtlelo aggregates led to a uniform
structure of the product ( green fluorescence:
large arrows). In this sample stained with Acridine Orange, ye l low dots (small arrows ) Indicate
lactic acid bacteria .

consisted of fluffy particles as was demonstrated
at a h1gher magnificat1on (F1g. 8). In contrast,
the gr1tty samples (hot-pack) had structures, the
coarseness of which was v1sible even at a low
magn1f1cat1on (Fig. 9) . Exam1nat1on of the larger
particles in greater detail showed them to be
compact (Fig. 10) with a h1gher 1nc1dence of lact1c ac1d bacteria (Fig. 11) than the surround1ng
medium consisting of smaller fluffy particles.
Th1s increase in the incidence of the bacteria may
have been caused by the contraction of the porous
protein matrix .
TEM confirmed the f1nd1ngs made by SEM concern1ng the presence of compact prote1n part1cles
1n the gritty hot-pack cheese spread. F1g. 12
shows both kinds of structure 1n the cheese spread .
The body of the product cons1sted of case1n particles aggregated in the form of chains and clusters
w1th relativ ely evenly d1str1buted pores f1lled
w1 th the liquid phase (whey). Only the porous
structure was present in the smooth cold-pack
cheese spread . The hard particles causing the
grittiness problem in the hot-pack cheese spread,
however, were compact, as had a 1 ready been shown
by SEM.
S1nce grittiness was found 1n the hot-pack
cheese spreads made us1ng e1ther ac1d-coagulated

--------------------------------------------------
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~
SEM of a grItty hot-pack cheese spread
made from pasteurized ( 63°C , 30 min ) milk shows a
coarse struc ture of the prote i n matr ill . Arrow
poin t s to a compact part lcle.
E..!...L....!.. Detail of a compac t part ic le present In
the gr Itt y hot-pack cheese spread made from pasteurized (63°C, 30 min) ml lk.

~ La ctic acid bacteria (ar r o ws ) were
associated w i th the compact parti cles I n the gritty
hot-pack chee se spread made from pasteur I zed
(63°C , 30 min) mi lk.
~
TEM shows that a gritty particle
(G)
co n sIs ted of compacted proteIn whereas the surrounding casein matrix (R) wa s porous. F. fat.

or renneted curd 1 1t appeared that the reasons for
grittiness t o develop in the product s hould be
sought in the treatment of milk prior to its coagulation. It 1s known that curd made from unheat ed milk is composed of large clustered casein
particles. This structu re favours exclu sion of
whey and rapid compaction of the casein par ticle
clusters which is important in cheese manufacture.
In contrast, the structure of curd made f rom m11k
heated to a minimum of 85°C consists of smaller
casein particles wh i ch are coagulated in the form
of chains. This structure is more resistant to
syneresis than the former structure and 1s thus
the bas1s or yoghurt where it is 1mpo rtan t to
retain the liquid phase [8].
In another series of experi ments, therefore I
the milk was heated to 90'C in an APV-UHT Pilot
Plant Apparatu s (APV-Gaulin, Inc., Everett, MA,
USA) and held far 10 min at that temp erature (Fig.

13). This heat treatme nt of milk [1 2] s uccessfully
prevented the development of grittiness in the
final product , /.e., in the hot-pack. The curd,
which was made using one half of t he amount of
rennet used in the fir st se rie s, consisted of
grains (Fig. 14) wh ich had a uniform st ructure
f ormed by casein particle chains apparent at
higher magnifications (Figs. 15 a nd 16). This
struct ure differed fr om t he structure of curd made
from pasteur i zed milk in that the latter curd
consisted of casein particle clusters (Figs . 7 and
8) . Blending of the curd made from milk heated at
90'C with hi gh-fat cream in the Polytro n blender
resulted in the dis integratio n of the curd grains
(Fig . 17). Homogenization in the two-stage Gaul in
homogenizer produced a smoot h cheese s pread , the
micros tructure of which was uniform (Fig. 18). At
a higher magnification, however, a cor puscular
mi crost ructure was apparent (Figs. 19 and 20).
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Flow diagram showing the preparation
curd made from milk heated at 90°C for 10 min .

of

~curd made from heated (90°C, 10 min) milk

consisted of grains (C) having a un i form stru c ture .
Uniform structure of curd grains at a
higher magnification .
~
Detail of the casei n particle matrix
In
curd made from milk which had been heated at 90°C
tor 10 min.
~Blend ing of curd made from heated (90°C,
10 min) milk with cream resulted In the disintegration of the curd grains Into smaller particles
(arrows).
~

Th1s structure is the result of the d1s1ntegrat1on
of the considerably larger gra1ns by blend1ng and
homogen1zat1on . It is 1mpo rtant to note that all
case1n part1cle clusters were porous and that no
compact particles were found e1ther by sensory
evaluat1on or by SEM of the hot-pack product.
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An examination of the effe cts of stabilizers
on the microstructure showed that some stab i l izers, although not causing gritt i ness, may have
contributed to the development of a coarse te xture
of the product. One such example wa s a stabil i zer
based on a red seaweed (Gigcrtfnt~ceGe) extract
which contained galactomannans. Its use in the
preparation of the cheese spread resulted in a
heterogeneous microstructure which, although not
noticeable by the mouthfeel, was clearly detected
by fluorescence microscopy. This heterogeneity was
characterized by the presence of a low concentration of casein particle aggregates (Fig. 21) and
also fibrous particles of the stabilizer (Fig.
22). The aggregates included fat globules and were
neither as compact (Figs. 23 and 24) nor as large
as the particles which caused grittiness (Figs. 911). TEM confirmed the less compact internal
structures of the aggregates (Fig . 25). The casein
particle aggregates developed in the presence of
the stab i lizer were susceptible to partial disintegration by homogenization (Figs. 26 and 27).
The mouthfeel of the resulting hot-pack cheese
spread was smooth .
In conclusion, the development of grittiness
in the products described was found to be related
to the heat treatment of milk . Fluorescence microscopy was used to rapidly detect hard particles
causing grittiness. SEM contributed to the solution of the grittiness problem because it helped
to establish that the gritty particles were composed of compacted protein. The examination of
their internal structure was made possible following the encapsulation of the viscous product in
agar gel tubes and freeze - fracturing. TEM of thin
sections confirmed the SEM findings.
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Discussion with Reviewers
R. T. Marshall: Since the curd, which produced a
smooth cheese spread, was made with one ha 1f as
much rennet as the curd giving a gritty spread,
this 1ntroduces two variables, I.e., heat treatment and rennet concentration. How was it determined that heat alone was the causative factor?
Authors: Several measures to reduce the grittiness
were taken and have been mentioned, e . g .• lower
tempeature of pasteurization, triple homogenization, use of another bacterial starter culture,
and use of acid-coagulated curd instead of renneted curd. All of these measures failed to prevent
grittiness from developing. Since heating of the
milk to 90°C eliminated the defect, insufficient
heating of the milk prior to coagulation was identified as the factor causing grittiness in the
product under study.

M. L. Green: You state that the porous structu re
of the spread co ntain s whey-fi 11 ed pores. Where is
the relat1vely large amount of fat in this product
located? As you have extracted the fat during the
preparation of most samples, can you be sure that
fat 1s not involved in the formation of the gritty
particles?
Authors:
Preliminary examination of the gritty
product by fluorescence microscopy pointed to
protein rather than to fat as the cause of grittiness. Fat was in the form of small globules, the
distribution and dimensions of which are evident
from Fig. 12. This micrograph was obtained by TEM
of a thin section.
0. N. Holcomb: You state that grittiness was evaluated subjectively by mouthfeel. Was such evaluat1on done by a trained panel or by expert cheesemakers? Was it done by sensing particles between
the tongue and palate or between the teeth? Can
you provide enough details so a reader could repeat this evaluation? In my experience, 11 experts 11
may disagree as to whether or not a product 1s
gritty.
Authors: Grittiness was detected by examining the
cheese spread between the tongue and the palate.
It was so pronounced in the initial product that
it was not necessary to use the services of a
trained panel.

R. T. Marshall: That homogenization reduced the
sizes of larger grains is not apparent in comparison of Figs. 16 and 20. These are of the same
magnification and appear to have the same sizes of
casein micelles. Fig. 20 appears to show a higher
degree of aggregation of the micelles and other
particulates. This point needs clarification .
Authors: Fig. 16 shows detail of a large grain,
featured i n Fig. 14 and marked with letter C.
These grains have a uniform microstructure consisting of a continuous matrix of casein micelle
chains and clusters. As a result of homogeniZa tion, the grains were broken into considerably
smaller particles. These particles are shown in
Fig. 20. Homogenization also led to some compaction of the matrix but the casein micelle dimensions remained unaffected.

D. N. Holcomb: The authors note that bacteria were
associated with the compact particles in hot-pack
cheese with a higher incidence than in the surrounding medium. Can they postulate an explanation
as to why the bacteria should be preferentially
associated with the particles? Could the bacteria
contribute to fonnation of the compact particles?
Autho rs:
Gritty particle s originated by
the
sh rinkage and compaction of larger areas of curd.
During this act of shrinking, the bacteria were
con centra ted i nto the sma 11 e r vo 1ume of the compact particles and gave the appearance of being in
higher numbers per unit volume .
D. N. Holcomb: Is there any correlation between
particle size and grittiness? Would the same correlation hold for compact protein particles, crystals, and other particles?
Authors: Probably there is a correlation, but it
was not the subject of this study.
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Abstract

Introdu ction

The size distribution of casein micelles in camel
milk has been determined by e lectron microscopy. In dividual and pooled samples were cryo-fixed by rapid
freezing and freeze-fractured. Electron micrographs
of the freeze-fracture replica revealed a relatively
broad s ize distribution, with an average micelle diameter around 280 nm in the volume distribution
c urv e. The distribution was s ignificantly broader than
that of the particles of cow's or human milk and
showed a greater number of large particles. The submicelles were also somewhat larger than those observed in cow's and human milk (approx. 15, 10 and
7 nm, respectively). The average values for the gross
compos ition of camel milk were similar to those of
cow ' s milk. Partition of mineral salts between the
serum and micellar phase of camel milk was studied
by means of ultrafiltration. The proportion of soluble
forms of the minerals expressed as percentage of
their total concentrations were 33% for calcium, 69 %
for magnesium, 52% for phosphorus and 60% for
citrate.

According to FAO statistics, there are 17 mil lion camels in the world, of which 12.2 million are ir,
Africa and 4.8 million in Asia (22) . The camel is a
potentially important sou r ce of milk . Indeed, in some
countries hosting large camel populations, camel milk
is one of the main components of the human diet.
Milk production varying between 1,800 and 12,700 kg
during a lactation period between 9 and 18 months
has been reported (13) . Information on the characteristics of camel milk is limited . Da t a available
show, however, significant differences between cow
and camel milk proteins in properties such as elec trophoretic mobility, molecular s ize (8) and rennet
coagulation (7).
While a considerable amount of data is availab le
on micellar casein of bovin~ milk, very littl e i s
known abou t casein micell es of camel milk. Ali and
Robinson (2) have analyzed the size distribution of
casein micelles in six samples of camel milk. They
determined a number average diameter of 160 nm on
electron micrographs of ultra-thin sections . This
value, however, overestimates the true mean, because
particles with diameters smaller than 14 nrn could
not be measured. It was therefore considered useful
to determine the complete size distribution of casein
micelles in camel milk by using freeze-fracture repli ca of cryo-fixed samples and to compare it to that
observed in milk of other species. The freeze-frac ture technique allows counting and sizing of the
smallest casein micelles including subm icelles . Other
basic data on the chemical composition of came l milk
are also given .

Initial paper received February 22, 1989
Manuscript received June 22, 1989
Direct inquiries to Z. Farah
Telephone number: 41 - 1 - 256 5378

Materials and Methods
Milk samples
Camel mil k samples were taken at Ngare Ndare
Camel Farm which is situated just north of the
equator in Kenya's Laikipia District, at an altitude of
1,730 to 1,890 m above sea level. The animals of in digenous breed (Camelus dromedarius) were all fed
exclusively by grazing. The milk samples A and B
were collected from 10 individual camels, on two different oc casions. On each occasion, the 10 milk samples were pooled, kept refrigerated, and transported
to our laboratory within 36 hours. Upon arrival, the
milk samples were skimmed, freeze - dried and stored
in sealed plastic bags until analysis. Two individual
fresh milk samples (numbers 52 and 56) were also
used for the analysis . For these samples the tim e

Key words: camel milk, casein micelles, electron
microscopy , size distribution, amino acids, mineral
salts
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Table 1. Average chemical composition of camel and cow's milk
cow a

camel milk
Component

unit

x

Dry matter

g / 100 g

12.2

ProteinC

g / 100 g

Total N

mg/1 00 g

418

% of TN
% of TN

76

76b

Non - casein N

24

24b

Non - protein N

% of TN

6. 7

Lactose

g/100 g

5.24

0.37

4.6

Fat

g/100 g

3.15

0 . 32

3.8

0.80

0.04

Casein N

Ash

g/100 g

Calcium total
Calcium dissolved

mg/100 ml
% of total

Magnesium total
Magnesium dissolved

mg/100 ml

Phosphorus total
Phosphorus dissolved

mg/100 ml
% of total

Citrate total d
Citrate dissolved

% of total

a Walstra and Jenness (20);

% of total

mg/100 ml

0.7

3.11

0.29

13
3.5
431b

21

5.5b

157
33

0.72
117
32

8.3
69

0.8

11
66

104
52

66
53

177
60

175
92

b Jenness and Patton (12);

c N

X

6.38;

d as citric acid.

Electron microscopy
The reconstituted and fresh skimmed milk samples were cryo-fixed using the propane jet-freezing
technique. This technique basically involves the rapid
freezing (approximately 10,000 K.s - 1) of a very low
mass specimen in a jet of liquid propane a t 88 K (14,
15). Freeze-fracture replica s were then obtained as
describe d earlier (16). Fourteen to s ixteen electron
micrographs of each sample were taken at a magnification of approximately 20,000x and the negatives
were e nlarged 2.6 times for counting and classifying
the particles. The total surface area of milk observed
for the four samples was 742 micrometers2. 6, 618
particles were counted on this surface. A diameter
class width of 20 nm was chosen for the classifica tion of the particles on the prints. A transparent
sheet with bars corresponding to the different size
classes was placed over the prints . The size class of
each particle was found by fitting it into the appropriate diameter range . Particles smaller than about 5
nm in diameter were not considered .
Statistical analysis
ConversiOn of the observed size distribution of
plane sections into real distribution of spherical
particles was made using a method proposed by
Goldsmith (10). The original FORTRAN program was
modified and translated into GW - BASlC for use on
MS- DOS microcomputers. Copies of the program are
available on request from one of the authors (M.R.) .
A slice thickness of 5 nm was assumed. Preliminary
calculations revealed rather broad size distributions
with relatively low frequencies in the larger size
classes. The class width was therefore increased from
20 to 40 nm.

elapsed between collection and examination was 36
hours .
Chemical analysis
Total sohds, fat, protein, lactose and ash were
determined according to AOAC standard methods (4).
The nitrogen distribution in the milk was deter mined by the procedure of Aschaffenburg and Drewry
(5). The following N - fractions were determined: total
protein nitrogen (TN), non-casein nitrogen (NCN) and
non - protein nitrogen (NPN), soluble in 12% trichlor acetic acid. The amount of casein nitrogen (CN) was
calculated by difference.
In order to study the distribution of salts be tween the dissolved and colloidal phases in milk, it
was filtered through a diaflo ultrafiltration membrane
(Amicon PM10). The ultrafiltration was carried out
under nitrogen at a pressure of 0 . 35 MPa. In both
the original milk and the collected ultrafiltrate the
following minerals were determined: calcium and
magnesium by atomic absorption spectrophotometry
(19), phosphorus by the phosphomolybdate method
described in the International Dairy Federation Stan dard (11) and citrate enzymatically by using a com mercially available test kit (Boehringer, Mannheim,
West Germany, catalog number 139076).
For amino acid analysis, casein was precipitated
from skimmed milk with 0.01 mol/1 acetic acid at pH
4.5 - 4.6 . The precipitate was washed three times
with water and freeze-dried. 20-30 mg of this acid
casein were hydrolyzed with 6 mol/1 HCl for 24
hours at 110 °C under vacuum. The hydrolysate was
analyzed on a model Liquimat III amino acid analyzer
(Kontron Instruments AG, Z{l.rich) according to the
procedure of Amado et al. ( 3) .

212

Casein micelles in camel milk
Table 2. Amino acid composition of whole casein
from camel and cow's milk
% amino acid

Constituent

camel

cow 9

Aspartic acid
Threonine
Serin e
Glutamic acid
Proline
Glycine
Alanine
Valine
Cysteine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Lysine
His tidine
Arginine

7.28
4.87
5.39
21.26
11.62
0.90
1.98
5.43
0.02
2.70
6.23
10.89
3 . 84
4.01
6.53
2.44
4.63

6.52
4 .4 2
5.75
20.35
10.33
2.27
2.80
6.48
0.65
2.51
5.54
8.41
5.59
4.73
7.33
2 .70
3.62

Fig. 1. Freeze-fractured casein micelles in camel milk
(em: casein micelles; sm: submicelles).
number frequency

t.OOW>OO~~-

a Alais and Blanc {1); recalculated on a %- basis.
Tryptophane was not de termined.

100.000

10.000

The equations used to calculate the various
mean diame ters (dn, dv, dvs• dvm>• the distribution
width {c 8 ) ttnd vo lu me fraction (v) are explained in
detail elsewhere (16). lt should be remembet·ed, that
the number average and volume average diameters d 0
and dv are sensitiv e to shape, errors at both ends of
the distribution fun ction, and total number of partic les. These values are meaningful only for correspo nding symme trical distribution curves. The
weighted mean diameters dvm and dvs are more use ful averages for the cha racterization of the casein
micelle distributions. The distribution width Cs corresponds to the coefficient of variation of the surface-weighted distribution (21) . Distribution curves
from different samples were compared using a s tan dard chi-square tes t for mul tiw ay frequency tables.
Results and Discussion
Chemical com osition of camel milk
o e
s ows dat a on the chemical composition
of the cnmel milk used for this study. Values for
cow's milk from the literature (12, 20) are presented
for comparison. In general, the gross composition of
camel and cow's milk is similar. The values of CN,
NCN and NPN expressed os percentage of the total N
appear also to lie in the same ranges.
Concentrations of calcium, magnesium, phosphorus and ci trate, along with their partition between
the dissolved and colloidal phases are also given in
Table 1. As generally reported in the literature ( 9,
12), about one third of the calcium and phosphate,
75\ of magne sium , and 90% of the citrate of fresh
cow's milk are present in the serum phase. In camel,
milk the distribution of calcium, magnesium and
phosphorus is similar. However, the amount of citrate
in the serum phase was found to be low er in camel
milk .

213

1,0 0= 10
50

100

150

200 250

300 350

400 450

500 550

micelle d iameter · • nm

Fig . 2. Number of particles observed in freeze - fractured camel, cow 1s and human milk. The ordinate is
logarithmic and gives the numb er of particles per
mm2 fractured area and per nm c lass width.
The amino ac id compositions of pooled camel
and cow's milk casein are presented in Tab le 2. A
similar pattern can be observed for both species. The
most pronounced differences were found for gly cine
and cysteine, both being s ignifica ntl y lower in camel
milk casein.
Size distribution of casein micelles
Ftg. 1 shows a typtcal electron mici·ograph of
casein particles in freeze-fracture replica of camel
milk. The mean diameter of the sub micelles was on
the average 15 nm. This is a rough estimate, because
of uncertainties in the technique (plastic deformation
of proteins etc . ) .
The average number of particles observed on
such freeze fractured surfaces is show n graphically
in Fig . 2. The ordinate gives the normalized frequency of particles per unit area, i.e., the average number of particles per mm2 fractured area and per nm
class width. The distribution is significantly broader
than that of cow's or human milk and shows a
greater number of large particles.
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Table 3. Size distribution of casein mice ll es in camel milk com pared to cow's milk
herd milk

Parameter

unit

-------------A•

s•

in dividual

ranges

------------

52.

s6•

----------------

pooled
data

camel

c owB

21- 24

Average micelle diameter
dn

1

number average

nm

28

28

27

26

27

26- 28

dv

1

volume average

nm

63

57

51

50

55

50- 63

44 - 50

nm

165

131

113

114

129

113-165

90 - 100

dvs• volume/surface av.

288

222

212

237

243

212-288

104-1 40

Distribution width
cs ' % of dvs

0.5

0.6

0.8

0.9

0.7

0.5 - 0.9

0.6 - 1.0

Volume fractionc 1 v

3.2

2 .6

2 .4

2.9

2.8

2.4-3.2

2.0- 4.0

b

b

b

b

15

14 - 16

10 - 11

dvm~

weight aver age

Submice ll es
dn 1 number average

• A and B: pooled samples , freeze -dried and r econstituted; 52 and 56 : fresh samples.
a From Rllegg et al. (16) an d Schm idt et al. (17,18);

b 14 - 16 nm;

c calculated from size di s tribution

YQiume frequency (..,)

100

v I->-

80

30 ~·~--~~-------------------1

/
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~
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micelle diameler -> nm

v
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v
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/
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micelle d iameter - • nm

Fig . 3 (at left). Size distribution of casein particles in camel milk compar ed to cow' s and human milk (volume
freque ncy histogram).
Fig. 4 (to the right) . Cumul ative partic le volume distribution of casein micelles in camel milk (pooled dat a
from two individual and two herd milks).
As can be deduced from the cu mul a tive dis tl'ibution
c u rve in Fig. 4, micelles with diameters between 125
and 310 nm comprise about 50% of the volume or
mass of the casein .
Some statistical data derived from the distribu tion curves, such as mean diame ters, width of t he
distribution , and volume fraction are summarized in
Table 3. For comparison, the ranges of the corresponding values for cow's milk are a lso included .
In earlier investigations, camel milk, afte r rennet addition, was found to c oagulate 2 - 3 times
slower than cow's milk. The coagulum obtained was a
precipitate in the form of floc ks and no homogeneous
c lot formed (7). The present investigation revea led a
relatively broad size distribution of casein micell es in
camel milk with a greater number of large mice ll es

The differences between the di s tribution curves
of the two individual camel milks a nd the he rd milk
samples were most p1•onounced in the diameter r ange
of about 200 to 500 nm . However, the differences
were sta tistical ly not significant.
The particles in the lowest size c lass with diameters smaller than 40 nm comp rise about 80% of the
observed total number of particles but repre sent on ly
4-8% of the mass or volume of the casein in camel
milk. It is therefore meaningful to consider the
weight o r volu me frequency distribution. Fig. 3 shows
the volume frequency of the pooled data of the fou r
milk sampl es, compar ed again with t he distributions
found in cow's and mature human milk (16). The vol ume distribution curve of casein micelles in camel
milk is broad and shows a maximum around 280 nm .
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than in cow' s milk. The poor renne tability could be
rela ted to these differences in t he size of case in
partic les . Coagulation tim e varies with the micelle
s iz e and r eaches an op timum in the mediu m a nd
smal l si ze micelles. This appears to be relat ed to the
availability of k -c ase in. The content of k -casein
decreases with increasing micelle size (6, 20).
Fro m the r esu lt s obtained it can be concluded
that camel milk case in differs from cow's milk case in
in term s of micellar size distribution. However, it
woul d b e premature to discuss the impact of thi s dif ference in relation to the preparation of products
from camel milk. Various biochemical aspects must
also be c ons ide red and additional studies are necessary to correlate any special feature of product
s tru c ture with the findings in this inves tigation .
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W. Buchheim: Apparently reconstituted (freeze-dried)
sktm mdk was used for electron m1croscopy work. Is
there any danger tha t fr eeze-drying might affect
s ize, shape, and di s tribution of micelles?
P. Resmini : It is written that both fresh and freeze dned mlik samples have bee n analyzed, but no data
are reported co ncerning these tw o different products.
Freeze- frac turing t ec hniques suggest tha t the u su al
freeze -d rying of liquid milk may modify the s tructure
of case in micelles, due to the low freezing rate tha t
promotes ice crystal formation ins ide the micelles,
therefore freeze-drying of milk does not seem to be
a suitable t echnique for ultrastructure s tudies of
case in. Please commen t.
Authors: The freeze -dried sampl es were recons titut ed
to 12.2 % dry matter at 30 - 35°C. There is a ce rt ain risk that freezing and thawing or reconstitution
of the freeze-drying affects the s tru c ture of casein
particles. To our knowledge, no statistically significant differences between size d i stribution in fresh
a nd reconstituted preparation s ha s b een reported in
the lit erature and no sign ificant difference was ob served in the present inves tigation.
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con t radict the frequency v alue s given in Fig. 2
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This is only abou t 1/lOOth of the total area that has
been measured.
W. Buchheim: In case that the amount of non - mice l lar casem ("submicelles") has been overes ti mated,
some average values (e.g., dn• dy. and even dv 8 )
would be too small. According to reviewer's own
experience (see e.g., Food Microstruc ture 5(1), 181 192, (1986)) direct determinat ion of dvs frOm micro graphs (via c ircumferences and areas of p articles) is
the best way for t es ting s uc h possible di screpanc ies.
Au thors: The unw eight ed mean diame t er dn on d t o
some ex t ent the other measures of the mean which
are based on the low er moments of the distribution
function are sensitive to both ends of the distribution as well as to the total number of the particles
count ed. The higher the power of the moments, the
l ess is the sensitivi t y to the uncertainty in the esti mation of the smallest particles. dvm is therefore
the mos t robust estimat e of the mean diameter.
Considering the very broad size distribution of the
casei n particles in camel milk, the meaning of an
"average diameter" should not be overestimated.

W. Buchheim: I have some doubts as to how meaning ful size values for so-called submicell es are. Protein
molecules are plastically deformed when freeze-fractured, so that we ident ify primarily~ their existence in the plane of cleavage. Slightly modified fracturing and shadowing r.onrlitions mAy innuence their
apparent size so that measurements of "diameters"
and comparisons in different experiments are questionable .
P . Wals tra: Conclusions abou t the s i ze of submic ell es
are, in my opinion , rather questionab le because of
the un cert ainties in the technique.
Author s: We agr ee with t he reviewers' comme nt. The
dtameier of the submice ll es is a rough est imate. It
has mainly be added for comparison and because of
the pronounced difference t o that of cow 's milk.

216

FOOD MICROSTRUCTU RE , Vol. 8 (1989), pp . 2 17 -2 24
Scanning Mi c roscopy In tern ational , Chicago (AMF O' Hare), IL 60666

07 30- 5419 / 89$3 . 00 + . 00

USA

EFFECT OF HEATING TO 200• C ON CASEIN MICELLES IN MILK :
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Food Research Centre, Research Branch, Agriculture Canada
Ottawa , Ontario, Ca nada K1A OC6

Abstract

Introduct i on

M11k wa s heated to 200'C for 3 min in sealed
1nverted- Y-shaped glass vials and reacted wHh a
gluta raldehyde solution at that temperature. Electron microscopy of the meta !-shadowed and negatively s tained samples revealed that case 1n
micelles in the m11k did not disintegrate extensively at the high -temperature used but, rather,

Ul tra-high temperature (UHT) treatment of
milk has been developed to s i gnificantly increase
its sh elf life . The treatment, which destroys
bacteria and their spores , consists of heating
milk to a high temperature for a short period of
time (e .g . , 141 'C for 15 s [29]). The effects of
UHT and high-temp erature short-time pasteur i zation
(HTST, 92'C for 20 s) on casein micelles in milk
were studied by several authors. A s light increase
i n the mean dimensions of casein micelles wa s
found in unconcentrated mtlk [ 1, 7, 10, 11, 18,
24, 29 ] bu t in UHT -sterilized conce ntrated ski m
m1lk the mean dimension s of the case in micelles
increased twice to three-fold [5, 12]. This increa se has been reported (2, 6 , 24 , 29, 35] to be
accompanied by an increase 1n the number of particles sma ller than casein micelles . Several authors
[5, 7, 24, 29] suggested that these small particles are composed of heat-denatured whey protein s
which were not adsorbed on the casetn micelles.
An inc reased concentration of soluble casein wa s
found follow i ng heating of a sys tem consisting of
whey protein-free casein micelles [2]. Heating of
milk was a 1so reported to 1ead to the release of
macropeptides [15] and to s hifts in the mineral
constit uents from the colloidal to the soluble
sta te [2, 10, 11]. Hostett l er and Imhof [18] hypothesized that casein micelles di si ntegrate into
submtcellar particles at high temperature and,
upon cooling, the latter part ic le s reaggregate
into particles larger than the original casei n mtcel les.
The composit ion, structure, and dimensions of
casein micelles in UHT-sterilized milk may play a
role in 1ts gelation during prolonged storage [3,
12, 13]. It is now generally accepted on the basi s
of current knowledge that age-gelation of UHTsterilized milk is preceded by changes taking
place at the surface of casein mtc elle s. Questions
concerning whether such changes are caused by
enzymatic action of heat-stable proteases or are
the result of purely physico-chemical alterations
hav e not yet been unequ ivocally answered [12].
However, clarification of even some facets of the
problems may contribute to the understa nding of
the age-gelation of UHT-sterilized milk.
Changes in the casein micelle dimensions in
milk and their distr i but ion have been studied by a
variety
of techn i ques and the results
were

became enlarged. Some of them were found to be
e1ther clustered or distorted.
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reviewed [3, 16]. The techniques used Include
1 tght scattering [17], stze exclusion chromatography [24}, chromatography on controlled pore
glass [1, 21], 1 tght microscopy [34}, and electron
microscopy [4, 6, 7, 11, 13, 22, 28-33]. In the
electron microscopic studies, the casein micelles
were examined either unfixed or fixed after the
heated milk was cooled. No attempts to study the
micelles at the high temperature were reported.
For example, RUegg and Blanc [29] examined UHTtreated milk samples by electron microscopy fol 1owl ng their coo 1 t ng to room temperature. G1ycero 1
added to the milk was used as a cryoprotective
agent. Th e samples were freeze-fractured and then
repl tea ted with platinum and carbon [32]. In the
milk that had been heated, the number of submicellar particles was increased and there was also a
slight increase tn the number of large casein
particles at the expense of medium-sized micelles .
The authors hypothesized that the large particles
originated as a result of the reaggregation of
subm1cellar casein and that the submtcelles preferentially associated with large micelles al though they recognized that non-specific precipitation of heat-denatured serum proteins on casein
micelle surfaces may also have contributed to the
micelle enlargement.
The objective of this study was to subject
milk to extreme conditions, I.e., heating to 200'C
for up to 3 min , and to examine the integrity of
the cas ein micelles by electron microscopy. Such
h t gh temperatures may not be used in dairy precessi ng but may be attained in other areas such as
the manufacture of confectioneries. In order to
visualize the casein micelles in the state as they
existed at the high temperatu re, a simple aid was
developed which made tt possible to Interact the
casein micelles with glutaraldehyde at the htgh
temperature .

combined.
The tubes were opened and the

reacted mi 1k

was prepared for electron m1croscop1c examination.
Unheated milk fixed with glutaraldehyde at 25'C
was used as the control.
Electron m1 croscopy
Two electron microscopic methods were used to
examine the integrity of the casein micelles: (a)
shadowing wtth platinum and carbon (repl tea
technique) and (b) negative statntng .
In the replica technique, a droplet of the
treate d milk was spread on a freshly cleaved mtca
sheet (5 x 8 mm) pretreated wt th an aqueous 0.17:
poly-L-lystne hydrobromtde solution (60,000120,000 daltons;

Polysciences,

Inc.,

Warrington,

PA, USA) and after 1 mtn, the excess milk was
washed off wtth distilled water. Corpuscular milk
proteins (casein micelles and subm1cellar particles) adhering to the mtca sheet [23, 25] were
then dehydrated in a graded ethanol series and
cr1t1cal point-dried from carbon dioxide. FollowIng shadowing at a ftxed angle of 27' or rotary
shadowing by evaporating platinum and carbon In
vecuo (20], the replicas thus prepared were separated from the mica support by floating on a 6~
sodium hypochlorite solution. Milk proteins adherIng to the replicas were digested wtthtn 30 min.
The replicas were then washed wtth water, picked
up on 400-mesh grids, and examined tn a Phtltps

EM-300 transmission electron m1croscope operated
at 60 kV. Micrograph s were taken on 35-mm film
(Eastman Fine Grain Release Postttve Film 5302)

and intermediate negative s were made on Kodak.
Pl us-X 35 mm film [20}.
For negative staining, the f1xed milk was
diluted with a 0.01 M CaC1 2 solution tn the ratio
of 1:50 [28, 33]. A droplet of this mixture was
applied to a 200-mesh (hexagonal) grid whtch had
been coated with Formvar and carbon films and then
treated by the glow-discharge method tn order to
make the carbon surface hydrophilic [9). Then, a

Material s and Methods
Heating of milk
The skim milk used was either of coomerctal
or1g1n or was prepared from fresh pooled whole
milk obtained from the Central Experimental Farm
dairy cattle herd. Fat was separated from the
fresh mtlk by low-speed centrifugation (415 g for
30 min). Inverted-Y-shaped tubes (Fig. 1) made
from Pyrex glass were used to heat both the milk
and a 2.8% aqueous glutaraldehyde solution separately at the same ttme. The milk (0.2 ml) was
placed in one arm of the tube and the glutaraldehyde solution (0.2 ml) was placed in the other
arm . The tube was flame-sealed and the contents
were heated tn a sand bath for varying periods of
ttme. The temperature of the sand bath was matntatned at 150'±2'C or 200'±3'C. The glass tubes
were completely Immersed in the sand bath, otherwise water vapour would hav e condensed on the
cooler wall and the condensate would have flowed
down in either compartment . When the heating of
the m11k was completed, the tubes were removed
from the sand bath and Immediately inverted, which
allowed the m11k to react w1th the glutaraldehyde
solution at the high temperature. Then the mixtures were cooled to 25'C . In parallel experi ments, the milk and the glutaraldehyde solution
were allowed to cool to 25°C before they were
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t..!..a.:...... A Pyrex glass apparatus Is Injected with
mttk ( M) and glutaraldehyde solution ( G) through
f i ll i ng tube (T). The tube Is sealed (right figure } and IIMlersed In to a bath using handle {H) .
Internal volume of the sealed tube Is approximately 1. 5 ml. Measures are In mllllmetres.
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the looser packing density (Fig. 6) were found.
Aggregated casein micelles with spiked surfaces
(Fig. 7) were also present but the incidence of
the particle clusters was low as evident from Fig.
8. Severely distorted casein micelles (Fig. 9)
were occasionally noticeable even in the vicinity
of undistorted micelles in milk heated at 200'C.
Also occasionally, clusters of two or three case i n
micelles connected by fibre-like material (Figs.
10 and 11) were seen in the heated milk.
The images of casei n micelles pre sent i n milk
which had been heated to 200'C and then cooled to
25'C prior to fixation with glutaraldehyde resembled the images of casein micelles interacted
with the glutaraldehyde solution at 200'C.
Casei n micelles shadowed with platinum and
carbon using either the stationary (unidirectional) or rotary techniques reveal thet r threedimensiona l structure in great detail. Tilting the
replicas in the electron microscope and taking
pairs of micrographs each at a different angle
makes it possible to view the three-dimensional
structure as was shown earlier [20]. However, the
technique used poses the risk that the attachment
of the casein micelles to the mica sheet treated
with polylysine may have been selective. It is
possible that only unchanged casein micelles would
be attached to the support whereas altered casein
micelles would not be attached. This would mean
that even if most of the casein micelles had
disintegrated during heating of the milk, only the
remaining intact casein micelles would become
attached to the polylysine-treated support, and
thus give an impression that there were no changes
1n the i ntegrity of the micelles. In the replication technique, milk: 1s applied to the polylysinetreated mica sheet and a few minutes later the
milk: is washed off with water . Thus, only a small
proportion of the protein particles (casein micelles and submicelles) present in the milk: remain
attached to the mica support. Subsequently, the
mica sheet with the protein particles attached is
treated with increasing concentrations of ethanol
in order to dehydrate the protein. Finally, the
material adhering to the mica support is exposed
to liquid carbon dioxide during cr1t1cal-point
drying. Because of the preparation steps involving
the use of 1 iquids such as ethanol and carbon
dioxide, it is possible that some protein particles are washed off.
For these reasons. it was
necessary to use a method which prevents the loss
of protein particles during the preparative steps
and allows the observation of the protein particles in their initial distribution ratio.
Negative staining
To overcome problems associated with shadowing, negative staining was carried out. This method was used by several authors [21, 33] to study
casein micelles in milk. It was necessary, however, to establish the optimal cond'itions for this
study. Of the several stains tested, a 3% phosphotungstic acid solution at pH 7.2 gave the best
results. Uranyl acetate applied at various concentrations and pH values reacted with the micelles
and stained them positively, whereas ammonium
molybdate caused an increase in background staining.
The mi 1k was diluted in order to obtain a
suitable distribution of the casein micelles on

droplet of an aqueous 2% sodium phosphotungstate
solution, pH 7.2, was added to the milk; after
15 s, surplus liquid was drained off with a piece
of filter paper. The grids were air-dried and
subsequently examined in the Phi 1 ips EM-300 electron microscope.
Results and Discussion
Visualization of casein particles, as they
exist i n milk while it is heated to temperatures
above the boiling point, is difficult to achieve.
Such heating can be accomplished only under elevated pressure, and fixation should be done at the
high temperature in order to preserve all changes
in the integrity of the micelles which may have
been caused by the high-temperature treatment.
This objective could be approached from two
directions. One approach was to physically fix the
hot milk by freezing it rapidly in Freon 12 at
-150°C, freeze-fracture it, and to examine platinum-and-carbon replicas by transmission electron
microscopy (TEM) . Such experiments were carried
out, but it was impossible to freeze the hot milk:
rapidly enough to prevent the development of ice
crystals and the distortion of the casein
micelles.
The other approach involved chemical fixation
[14] of casein present in the milk, in either the
micellar or submicellar forms, at the high temperature using a glutaraldehyde solution and then
cooli ng the mixture as described in the Methods
sectio n. Although 1t is not corrmon to fix biological materials with glutaraldehyde at 200'C [27],
it is believed that this reaction followed by
cooling of the mixture would not result in any
severe changes in the state of the protein particles present.
Meta 1-shadowi ng
Replication of casein micelles in fresh unheated milk: using a metal-shadowing technique
showed that they were mostly spherical (Fig. 2) .
At a high magnification, they appeared to be composed of submicelles (Fig. 3). A low concentration
of submicellar particles in the milk was also
noticeable. Intermediate negatives were made from
the original negatives in order to show areas
coated with platinum as light in colour.
In milk: that had been heated, some casein
micelles were aggregated and the incidence of
submicellar casein was somewhat increased. Also
the shapes of some of the casein micelles were
found to have been altered. The severity of the
changes depended on the intensity of the heat
treatment. In milk heated at 100°C for 3 min, the
casein micelles acquired a ragged surface topo graphy (Fig. 4). Aggregation of protein and the
formation of so - called "spik:es 11 or 11 hair" were
reported earlier also by other authors [8, 11, 13,
19 , 35]. Changes were also found in the casein
micelle ultrastructure: the submicelles were more
clearly visible (Fig. 4) than in casein micelles
in unheated milk (Fig. 3). This was probably the
result of some loosening of the bonds between the
submicelles that took: place due to the effect of
the heat treatment and this loosening may also be
responsible for the enlargement of the micelles.
In milk heated at 200°C for 3 min, casein micelles
with a tight packing density (Fig. 5) as well as
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~
Rotary shadowing of
casein micelles In unheated
milk with plat lnum and carbon
reveals t heir spherical shapes
and s lze d I str I but I on.
~
Detail of the structure of a case i n micelle In
unheated milk. Rotary s hadowI ng shows the su bml ce lles
(sma ll arrows). The perimeter
of the casein micelle Is excessively light ( large arrow)
and I acks deta I I because the
electron beam was absorbed by
passing through the platinum
coating on the vertical wall ;
this phenomenon Is characterIstic of the rotary coating
technIQUe.
~
Deta II of the s tructure of a casein micelles In
milk heated at 100°C for 3
min. Casein submlcelles ( large
arrows) and aggregated proteIn
particles (small a r rows) may
be see n .
Figs. 5 and 6. In milk heated
6
at 200 C for 3 min, some casein micelle s s how a tight
packing densit y ( Fig . 5) and
other mi ce lle s show a looser
packing density (Fig. 6) .
~Aggregated casein
micelles were present In mil k
heated at 200°C for 3 min.
Stat lonary shadowing revea Is
spl ked mIce 11 ar sur f aces.
~
The IncIdence of aggregated casein micelles
(large arrows) Is relatively
low I n mi lk heated at 200°C.
Sma I I arrow po Ints t o case I n
submlcelles .
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~Severely

distorted casein micelles (small
arrows, rotary shadowing } In milk heated at 200°C
for 3 min . Another casein micelle (large arrow )
has a regular appearance and shows the submlcellar

u I trastructure.
Figs. 10 and 11. Occasionally, protein
strands
connecting two or more micelles were noticeable In
milk heated to 200°C for 3 min .

12

~
Negative staining of casein micelles In
unheated milk.
~ Casein micelles In milk heated at
200°C
t or 3 min and mixed with a glutaraldehyde solution

at the high temperature .
casein micelles In milk heated
at 200 C for 3 min and mixed with a glutaraldehyde
solution at the high temperature.

~Aggregated

the gr1ds for electron microscopic examination so
that 1t could be observed whether or not the
casein micelles were connected to each other. The
best results were obtained by diluting the milk
with a 0.01 H CaC1 2 solution in the ratio of 1:50
as initially suggested by Nitschmann [26). Casein
micelles disintegrated In milk that had been
diluted with distilled water.
With the optimal conditions determined, casein micelles were observed both in unheated milk
(Fig. 12) and in milk heated to 200'C for 3 min,
irrespective of whether the mi 1k had been mixed
with the glutaraldehyde solution at the high temperature (Fig. 13) or after both the milk and the
glutaraldehyde solution had been cooled to 25'C.
S1m11ar to metal shadowing, casein micelle clusters (Fig. 14) were found in heated milk by negative staining. In all milk samples, submicellar

casein was also noticeable.
Electron microscopy of milk which had been
heated at 200'C for 3 min and reacted with glutaraldehyde at that temperature revealed that casein
micelles in that milk were not disintegrated, at

least not to any noticeable extent. Metal shadowi ng using the stationary or rotary technique [20]
showed the casein micelles as three-dimensional
entities, the shapes of which were slightly distorted and the submicellar structure somewhat
loosened as the result of heating . The question of
whether samples prepared by the shadowing technique would g1ve an accurate representation of the
effect of heat on the integrity of the micelles
has been answered by the results of the negative
staining method, which produced images of casein
micelles similar to those found in the con trol
(unheated) milk. Thus, the results presented do
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added phosphates and storage on changes in
ultra-high temperature short-time steri 11 zed
concentrated skim m1lk . 2. Micelle structure.
Neth. Milk Dairy J. 1£, 2D4-216.
14. Hayat MA. (1981). Fixation for Electron Microscopy. 3. Aldehydes. Acad. Press Inc., New
York, NY, 99 .
15. Hindle EJ, Wheelock JV . (1970) . The release of
peptides and glycopeptides by the action of
heat on cow's mllk. J. Dairy Res • .ll_, Jg7405.
16. Holt C. (!gas). The size distribution of bovine casein micelles: A review. Food Microstruc. i(l), l-ID.
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Oer Etnfluss auf den Verte1lungszustand der
Mllchproteine. (Studies on the effect of heat
treatment and lyophllisation on the state of
distribution and physiological properties of
mllk proteins with special consideration to
the heat treatment conditions appl led in the
uperisation. L Effect on the state of distribution of mllk proteins). Milchwissenschaft £9.(4), 189-tga (in German) .
1g. Kal~b M, Emmons DB, Sargant AG. (1976). Mllk
gel structure. v. Microstructure of yoghurt
as related to heating of m1lk. M11chwissenschaft .ll(7), 4D2-4D8.
20. Kal~b M, Phipps-Todd BE, Allan-Wojtas P.
(1982). Milk gel structure. XIII. Rotary
shadowing of casein micelles for electron
microscopy . Mi lchwissenschaft .ll_(g), 513-S!B.
2!. Kearney RD, McGann TCA. (lg78). Application of
controlled pore glass chromatography to milk
proteins. In: Chromatography of Synthetic and
Biological Polymers, REpton (ed.) , Ellis
Horwood Ltd., Chichester, UK, 26g-274.
22. Mangino ME, Freeman NW. (lgBI). Statistically
reproducible evaluation of size of casein
micelles in raw and processed milks. J. Dairy
Sci. 64, 2025-2D3D.
23. Mazia 0. Schatten G, Sale w. (lg75). Adhesion
of cells to surfaces coated with polylysine.
Applications to electron microscopy. J. Cell
Biol. 66, lgB-200.
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not support the hypothesis [18) that upon severe
heat treatment casein micelles disintegrate into
submicelles which reassociate upon cooling.
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surface of heated casein micelles is due not to
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due to released protein particles?
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casein micelle surface.
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Authors: Their incidence was a fraction of a percentage point of a 11 casein mi eel 1es present; we.
too, find them intr iguing.

Temperaturbehandlungen auf die CaseinmicelN. A. Carrell: Can you estimate what proportion of
the casein micelles in the heated milk were aggregated or were altered in shape? Did you find a
similar proportion in the milk. which was fixed
after tt was cooled?
Authors: There were approximately 5% of casei n
micelles clusters in heated milk irrespective of
whether it was mixed with glutaraldehyde while hot
or cooled. Less than 2% of the micelles were
distorted.

len. E1ne elektronenmik.rosk.opische Un ter suchung unde r Ve rwendu ng von Neg at 1vHi rbung.

(Effects of various temperature treatments on
casein micelles. An electron micros copic
study using negative staining.) Meijerttiet.
Aikakauskirja .ll. 15-25 (in German).
34. Wilson HK, Yoshino U, Herreid ED. (1g61). Size
of protein particles in ultra-high tempera ture sterilized milk as related to concentration. J. Dairy Sci. ~. 1836-1842
35. Walstra P. (1g7g). The voluminosity of bovine
casein micelles and some of its implications.
J. Dairy Res. ~. 317-323.

N. A. Carrell: Could the smaller structures which
yo u refer to as subm1cel les, or the roughness on
the micelle surface, actually be due to aggregates
of whey proteins? If you were to heat washed micelles, not mllk, would you expect any differences
in structu re?
Authors: The s urfa ce of washed casein m1celles
showed no protein aggregates (roughness) due to
heating to 10D'C.

Discussion with Reviewers
Y. Kakuda: Does all the liquid (water from the
skim milk and glutaraldehyde and glutaraldehyde
itself) vaporize under these conditions? If most
of the water vaporizes, then dry caseins would be
left on the bottom of the tube. Is it possible for
unhydrated casein micelles to be less prone to
disintegration, hence the results you see?
Authors: The water in the sample and the glutaraldehyde solution vaporizes only if the vial is not
completely 1nmersed in the sand bath; the water
then condenses on the inside wall at the cooler
top of the vial. No water condensation was observed provided that the vial was fully inmersed.
In earlier experiments, where this defect occurred, the evaporated mi 1k was not examined but was
discarded.

Y. Kakuda: Could the glutaraldehyde vapour fix the
unhydrated casein micelles during the heating
process and prevent disintegration as well?
N. A. Carrell: The authors state that the milk was
reacted with glutaraldehyde at 200'C. However, the
milk was mixed with glutaraldehyde at that temperature and there are no data to prove that the
react Jon did not occur at a 1ower temperature due
to vaporization of glutaraldehyde. Nor is there
any evidence that glutaraldehyde, that had been
subjected to high heat and pressure, functions in
the same manner as glutaraldehyde that had not
been treated in this manner. Since the conclusion
is based entirely on the premise that the micelles
were fixed at high temperature, and since the
effect of high heat treatment on milk is such an
important issue, I feel that the premise must be
substantiated. Two simple experiments would provide this proof:
To test the effect of heat and pressure on
glutaraldehyde functi ona lity, milk (at room temperature) could be fi xed with glutaraldehyde which
has not been he a ted and, separately, with g l uta raldehyde which has been heated in the seal ed tube

Reviewer 1: Why was size distribution not estab1 i shed?
Authors: Extensive experiments would be required
to correctly establish the size distribution, but
the data would not be important in this particular
study, the objective of which was to only examine
whether casein micelle s would disintegrate when
exposed to 200 °C for 3 min.
N. A. Carrell : Can you quantitate the aggregation
and incide nce of submicellar casein? This is not
evident on the fields shown.
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to 200'C and then cooled. Then, the resulting
structures could be compared.
To test whether the flxation did indeed occur
after 111x1no, a simple biochemical experiment
could be carried out. Milk could be (I} not mixed
w1th glutaraldehyde, (2) mixed wlth glutaraldehyde
at 200'C as described in the manuscript, and (3}
heated to 200'C in the special vial containing
glutaraldehyde in the other arm but not mixed with
the fixative after cooling. The samples could then
be ana l yzed by gel electrophoresis or by HPLC.
Either technique would indicate whether the caseins 1n the milk from Treatment 3 were crosslinked by glutaraldehyde as those in Treatment 2
would be, or were not crosslinked, as those in
Treatment I would be.
Secondly, all the experiments were done w1th
milk. The whey proteins in the milk can, and do,

attach to casein micelles as a result of heating.
This could contribute to an increase in micellar
dimensions. Additionally, both heat and glutaraldehyde fixation cause aggregation of whey proteins. Is it possible that these aggregates, and
not submicelles, are what we see on lhe surface of
the micell es in Figs. 4 and 6? If washed micelles
were heated and fixed as the milk was and the same
structures were observed, then the effect of whey
proteins cou ld be ruled out.
Authors: Whey protein aggregates as well as casein
submicelles may be seen in Figs. 4 and 6.
We agree that the suggestions for additional
experiments outlined above are excellent and
should be followed. However, we cannot extend the
study at this time and will return to this subject
at a later date.
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Introduction

Abstract
Retentates containing 20, 27, and 34'4 total
solids, obtained on conmerclal scale by the ultra-

To facilitate the spray-drying of milk, a

great part of water present in the milk is removed
by evaporation whereby the total sol id s content of

filtration of milk, were spray-dried on laboratory
scale using centrifugal atomization and singlestage drying with the i nlet air temperature of
220°C and the outlet air temperature of 90°C.
The protein content in the powders was 31% to
35% compared to 24.8% protein in the control

the milk is increased to 35-50% [5]. All the com-

ponents of the milk, /.e., case1n, whey proteins,
lactose , minerals, as well as fat in the case of
whole milk, are retained in the evaporated milk.
Consequently, less water has to be removed in the
spray- drier from the milk thus concent rated than
from milk that has not been preconcentrated. Retentates obtained by the ultraf i ltration of milk
represent another product which may easily be
spray-dried. As the result of the ultrafiltration
of milk, high-molecular substa nces such as proteins are retained in the retentate on one side of
the ultrafiltration membrane used, and low-molecular substances such as lactose and mineral constituents pass into the filtrate, which is c~lled
permeate . In the retentates, the concentrations of
the low-molecular substances are reduced and the
relative concentration of the proteins is increased. The altered chemical composition may affect a
number of functional properties of the spray-dried
retentates compared to milk powders. For example,
in regular milk powders, the presence of anhydrous
lactose in a glassy form leads to their hygroscopicity (7, 22] which is particularly noticeable in
spray- dried whey powders having a high lactose

whole-milk powder. Lactose contents were markedly
lower in the retentate powders (-10.6%) than in
the milk powder (40.4%). Storage of the powders at

37°C resulted in a marked increase in the 5-hydroxymethylfural contents with doubling of this content in the retentate powders and tripling in the
milk powder.
When viewed by scanning electron microscopy,
the sp r ay-dried retentate powder particles had
smooth surfaces free from wrinkles usually seen in
spray- dried milk powders. When the same products
were exposed to atmospheres having 75%, 851. , or
100% relative humid1ty, the retentate powders
exhibited less lactose recrystall i zation than the
mi 1k powder.
The melting temperature (Tm) (as determined
by differential scanning calorimetry) of lactose
present in the retentate powders was not affected
by the reduced lactose content in the powders but
the fusion enthalpy (l1Htuslon) of lactose was
reduced in the retentate powders compared to the
control milk powder.

content [24]. Anhydrous lactose i n spray-dried

mi 1k powders rapidly absorbs water when the powders are exposed to humid atmosphere and may crystallize in the a-monohydrate form . The development
of lactose crystals on the surface of milk powder
particles during storage ind icates that the moisture content had exceeded the safe level. Associated with exposure to excessively high humidity is
the development of lumpiness and caking which

Initial paper re c eived July 24, 1989
Manu scr ipt r e c eive d Oc tober 18, 1989
Direct inquirie s to M. Kalab
Telephone numb e r: 613 - 995 - 3722 x7707

reduce the quality of the milk powders [26] during

storage under such conditions. To better understand these phenomena, crysta ll ization of lactose
in milk powders has been studied by many authors
[3, 13, 16, 18, 20, 22-26]. As the use of ultra-

KEY WORDS:

Lactose

crystallization,

Milk,

filtration in modern dairy technology is extended,
H is important to find proper conditions for
storage and transportation of the ultrafiltration
retentate which would be economical and yet would
ensure good quality of the product.

Milk

powders, Retentates, Scanning electron microscopy ,

The two objectives of this study were (a) to

Spray-drying , Ultrafiltration .

characterize
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spray- dried ultrafiltration milk retentates as a

consequence of d1 fferent degrees of concentration
prior to drying, and (b) to evaluate the effect of
differences In composition of the retentates on
their functional behaviour under elevated relative
humidity storage conditions, as compared to ordi -

nary milk powder spray-dried under the same conditions as the retentates . Scanning electron micro-

scopy (SEM) was used to examine fresh spray-dried
retentates as well as the spray-dried retentates

exposed to high relative humidity atmosphere.
Materials and Methods

Ultrafiltration and spray- drying of milk
Pooled cows' milk from the Somboled Dairy In
Somber, Yugos 1a via, was used in a 11 experiments.

The milk was pasteurized in a high-temperatureshort-time (HTST) plate pasteurizer at 77'C for
15 s and was standardized at 3.7~ fat in a
separator.
The m11k was ultrafiltered under industrial

conditions using the Ultrafiltration Module Type
35 fitted with GRPP61 membranes (ODS, Pasllac.
Denmark). The ultrafiltration yielded retentates
containing 20~, 27~. and 34% total solids.
The retentates were spray-dried under labora-

tory scale conditions using a Type LAB I APV
spray-drier (APV An hydro, Copenhagen, Denmark).
Centrifugal atomization and single-stage drying
were used under the fol l owing conditio ns: 220'C
In l et air temperatu re , 90'C outl et air tempera -

(Tm, 'C) and enthalpy of fusion (dHtuslon • J/g) of
lactose were computed from thennog rams by the 1090
Thermal Analyser. Indium was used to calibrate the
a nalyser for temperature and enthalpy calculat1ons.

Scanning electron microscopy (SEM)
Each spray dried powder was spread in a th i n

layer on the sticky surface of a dry-mount film
d i sc attached to an SEM aluminum stub using a
silver-based cement (Ladd Industries, Burlington,
Vermont, USA) . Additional spreading was done with
a fine sable brush. The powders were sputter-coated in a Hummer I I Tech nics sputter coater to form
a gold layer approximately 20 nm thick and were
examined in an lSI OS-130 scanning electron microscope operated at 20 kV . Micrographs were taken on
125 ASA 35-mm film [2, ll].
The effect of humid atmosphere on the crystallization of lactose in the powders was studied
by exposing the powders (mounted on the sticky
film discs or spread on microscope glass slides 1n

layers less than 0.5 mm thick) to 75~ . as ~. and
100 ~ relative humidity in glass dishes (55 mm i n
diameter and 35 mm high) having ground lids. The
experiments were carried out at 25' and 40'C for

periods ranging from 2 to 72 h [24). Atmosphere
with 75~ relative humidity developed in the
presence of a saturated solution [17, 24) of NaCl,
atmosphere with 85% humidity was provided by a
saturated KCl solution, and 100~ relative humidity
was provided by saturation of the atmosphere over
distilled water.

ture, 5 kW e l ectric air hea t er power .
Whole non-u l trafiltered milk was concentrated
prior to drying by evaporation to 20.2~ total

Results and Discussion
Chemical composition
Chemical composition of the retentates pr i or
to spray-drying is listed in Table 1. The concentrat i ons of the individual constituents increased
in proportion to the intended differences in the
total sol ids contents except total prote i ns and

solids (5.38~ protein and 6.30~ fat) and was
spray-dried under the same conditions as the re tentates to produce a control sample.
The m11k and retentate powders were stored
for 8 months either at 4° or at Jrc in seated

pouches made from PVC fol 1. The relative humidity
of the storage atmosphere was not controlled.

Spray-dr i ed buttermilk of commercial origin
[10) was also examined for comparison.
Chemical analysis

Table 1 .
COMPOSIT ION OF RETENTATES
OBTAINED BY THE ULTRAFILTRAT I ON OF MI LK

.:,.. ---------------------.---------------------------.:
.:
Approx iMat e

The fresh retentates, containing approximate -

ly 20~. 27~, and 34~ total sol ids, and the spraydried retentates as well as the control spraydried milk sample, all stored at 4'C or 37'C for 8
months, were analyzed according to AOAC [1] and
!OF [8] analytical methods f or t otal solids, total

:
: Co~nponent :

:
:

so lld s cont e nt s (% )
in th e r e t e ntates

:

l

'
'
'
'
' 34
'
27
20
'J----------------------1
'---------------------------.. l'
': Total solids
'l 34 . 2
27 . 2
20 . 07 :'

protei n , l actose, mi ne ra l matte rs, l ipids, pH, and

so l ubil lty. I n add It I on, the f resh and spray-drl ed
retentates were ana l yzed for non-casein nitrogen

(NCN), non-protein nitrogen (NPN), and proteosepeptone contents usIng the methods by Rowland
[21], and for 5-hydroxymethylfural (5-HMF) according to Keeney and Bassette [12]. Data for casein,
serum proteins, and true proteins were obtained by
calculation.
Differentia 1 scanning ca 1orimetry (DSC)

Thermal characteristics of the spray-dried
retentate powders were examined by DSC using a
DuPont 1090 Thermal Analyser equipped with a 910
OSC cell base . The samples (5-10 mg) were sealed
in DuPont polymer-coated pans . A sealed empty pan

I

~---- ------------ -----------1

I

I

: Mineral 111atter
1
Lipids
La c tose
Total proteins
Non -c asein nitrogen
Non - protein nitrogen
Proteose - peptone
Casein
Whey proteins

l

!
1

:'
:

l

!
:
:

I

1 . 26
15. 00
3 . 65
21. 21
0 . 159
0 . 014
0 . 070
10 .3
0 .96

True proteins

:

11.1

5-HMF* (UIIol / L}

:

11 .5

'

0 . 94
13 .00
3. 84
8 . 87
0 . 147
0 . 0 20
0.04 7
7 . 93
0 .51
0 . 14

16 . 7

0 . 78 l
10 . 00
4 . 02 1
6 . 57 :
0 . 105:
0 . 017 l
0. 033 \
5. 90 :
0 . 35 l

!
'

6 . 46

10 . 2

I

.
\

1
6 . 8_______ 6____________
.2
6 . 5__ _ j I
,_ pH
___________ _ _ __ ___ ___!_
____

was used as a reference. The pans were heated at a
progranmed rate of 10°C/min and were scanned in

the range of 140-250'C. The melting temperature

• 5- Hydroxymethylfural
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Table 2 .
COMPOSITION. pH. AND SOLUBILITY OF SPRAY- DRIED RETENTATES AND SPRAY- DRIED MILK
,------ - Approxi:: te _ : :
lcT;;;-e:-::m:-::p-:c
e :c
ra:-;t:::u-:r :e -coe<fc-::-st;:co:-::r-:a -:ge=-,-

- ---;--;c37"'"c;;Cc-----o4 " C

___

b:~:::~:y~~:_:_:_::;;::::_L ~~:-~
37 " C

4 °C

37°C

4" C

Component :
Total sol id s
Mineral matter
Lipids
Lactose
Total pro t eins
Non -c asein nitrogen
Non - protein nitrogen
Proteose - peptone
Casein
Whey proteins
True proteins
5 - Hydroxymethylfural ( l!mo l / L)
pH*

Solubility (%)

*

1

37°C

4°C

I
97 . 8
3.05
48.0
10.7
35.1
0.49
0.09
0 . 22
3 2 .0
1.14
34.5
120 . 2
6 .3

96 . 4
3.25
46.4
10.5
35.2
0 . 50
0.09
0.18
32 . 0
1. 5 0
34.6
60 . 2
6.5
90 90

98 . 0
3.29
44.8
14 . 2
33 7
0.53
07
34
30 . 3
0.78
33 . 3
125.6
6.3
80 . 14

96.6
3.61
43.2
13 . 7
33.5
0.51
0.07
0.16
30 2
1.84
33.1
70 . 3
6 .5
94 . 16

97.6
3 . 01
40 . 8
20 . 1
31.1
0 . 53
0.09
0 . 27
27.7
1.07
30 .5
117.9
6 .4
78.59

96.1
3 . 74
43.2
19 . 6
3 1.1
0. 5 0
0 . 07
0 . 20
27.9
1 . 50
30.7
59 . 6
6.5
93 . 61

97.6
5.35
26 . 4
41.1
24.8
0 . 58
0 . 11
0.29
21 .1
1.14
24
40
6 .7
90 . 16

97 . 3
5 47
27.2
39.8
24.8
0 .5 0
0 . 11
0.16
21.6
1.50
24 . 1
14.5
6. 6
89 85

Measured in th e retentat e s befor e sp ra y- drying .

5-HMF in the 34% total sol ids retentate . Data on
the composition, pH, and solubility of the spraydried retentates compared to those of spray-dried
milk are presented in Table 2. There were no major
differences in most micro and macro constituents
among the spray- dried retentates. However, the
initial total solid contents of the retentates
before spray-drying and the resulting differences
in the thermal treatment during spray-drying led
to some variations in the physico-chemical charac teristics of the powder s . For example, there was a
trend toward a higher protein content in the
powders made from the retentates which were co ncentrated to higher t o tal solids contents. The
powders, made f r om the 20%, 27%, and 34% total
sol ids retentates and subsequently stored at 4°C ,
contained 32.3%. 34.7%, and 36.5% total proteins
per 100% total solids, respectively.
Table 2 also shows the composition of the
control milk powder. As a result of ultrafiltration, ash (mineral matter) was lower in the dr i ed
retentates (3 . 42% in 100% total solids) than in
the milk powder (5.55% in 100% total solids). The
effect of ultrafilt ration was also clearly evident
from indices related to the lipid content (45.7%
fat in the retentates compared to 27.5% fat in
milk per 100% total solids basis) as well as the
protein content (34.3% protein in the retentates
compared with 25.5% protein in milk). However ,
whey proteins were approximately the same in the
retentates (1 . 34%) as in the dried milk (1.35%)
based on the same 100% total solids level.
Lactose concentrations were sufficiently high
in all retentates to initiate the Maillard reaction with proteins. The concentration of 5-HMF was
used to monitor the rate of the early stages of
this reaction before the brown pigments started to
develop. The lowest 5-HMF concentrations (10.216.7 1J1110l/L) were found in fresh retentates (Table
1). There was little difference in spray-dried
milk stored at 4'C (14.5 ~mol/L) but an almost

threefold increase (40.7 ~mol/L) was found in milk
powder stored at 37°C for 8 months. In spray-dried
retentates, the 5-HMF concentrations were considerably higher than in spray-dried milk (Table 2).
They varied between 59.6 and 70.3 ~mol/L in spraydried retentates stored at 4°C and were increased
approximately twice to 117.9-125.6 ~mol/L 1n retentate powders stored at 37°C.
Solubilities of the retentate powders stored
at 4°C fluctuated between 90.9% and 94.2% but were
decreased to 78.6-80.1% in powders stored at 37°C
indicating an adverse effect of an elevated storage temperature .
Structure of the retentate powders
Macroscopically, all retentate powders had a
moist-looking appearence. The small particle aggregates, however , separated easily on contact.
Under a scanning electron microscope , the particles of fresh spray-d r ied retentates used in this
study had relativel y smooth surfaces irrespective
of the extent of concentration by ultrafiltration
prior to spray-drying . There were only a few major
topographic features of note. Shallow "di mples"
(Figs . 1, 11, and 12) were seen on most retentate
particles. Simple "venation" (Fig. 1) was also
frequently present. Smaller globules, either
individual or in clusters, were occasionally seen
to be fused to larger particles. Only a small part
of the globular retentate particles had deeply
wrinkled surfaces. In this respect, the retentate
particles differed from skim milk and whole milk
powders (Fig. 2) [4, 6, 22, 25, 26] which were
characterized by both deep and shallow wrinkles on
most particles . The retentate particles also differed from spray-dried buttermilk of corrmercial
origin. the particles of which featured characteristic crater-like rims surrounding small globules
attached to the larger particles (F1g. 3) [10],
and from spray-dried whey powders which had deep
narrow wrinkles [24]. The differences in topography of the various particle surfaces and their
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particles have crater-like (large arrow) surface
topography w ith smaller globules attached and surrounded with rims (small arrows}.
Figs . 4 to 6. Who le -milk. powder eKposed for 24 h
to an atmosphere having 75" (Fig . 4 } , 85" ( Fig.
5), and 100% ( Fig. 6) relative humidity at 25°C.
Arrows In Fig. 4 point to needle- I ike crystals.

Fresh spray-dr l ed milk. retentate powder
particles have smooth surfaces wit h shallow dimples (small arrows) and occasional simple "venation" (large arrow}.
~ Fresh
spray-dr led
whole-milk
powder
particles have wrinkled (arrows} surfaces.
~
commercial
spray-dried
buttermilk

~
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Figs. 7 to 9. Whole-milk powder exposed for 3d to
an atmosphere having 75% (Fig. 7), 85% (Fig. 8),
and 100% (Fig. 9) relative humidity at 40°C.
~ Spray-dr led buttermilk exposed for 2 h to

an atmosphere having 100% relative humidity at
25°C. The buttermilk particles were completely
covered with recrystallized lactose.

association with the technology of spray drying
were discussed earlier by Carie and Kalab [6].
Particle surfaces free of crystals were seen under
a scanning electron microscope in all freshly
spray-dried milk. and retentate powders . Lactose
present in the powder particles was apparently in
the amorphous (g l assy) form which resulted from
the rapid dehydration of milk. and retentate droplets during spray drying [26].
Exposure of milk. powders to a humid atmosphere led to the absorption of water by the
amorphous a- and S-1 actose forms and their conversion into crystalline a-monohydrate. The crystallization rate increased with the increases in
lactose concentration in the powder and the
relative humidity of the atmosphere. Saltmarch and
Labuza [24] studied lactose crystallization in
hygroscopic spray-dried sweet whey which contained
66% lactose. Lactose crystallization was already
noticeable after a week. at 53% relative humidity
at 25°C. Milk. powders which were used as a control
in our studies, started developing
a-monohydrate

lactose crystals after exposure to 75% humidity at
25'C for 24 h (Fig. 4). The development was
slightly more advanced at 85% humidity (Fig. 5).
At 100% relative humidity, however, the milk. powder particles were almost completely covered with
lactose crystals (Fig. 6). By extending the exposure of the mi I k powder to 75%, 85%, and 100%
humidity to 3 days, the incidence of the lactose
a-monohydrate crystals on the particle surface was
increased and was even higher in powders exposed
to the humid atmospheres at 40'C for 3 days (Figs.
7 to 9). Commercial spray-dried butterm i lk made
from sweet cream [10] was more susceptible to
lactose crystallization than the milk. powders and
the buttermilk. particles were almost completely
covered with a-monohydrate crystals following an
exposure to 100% humidity at 25°C for only 2 h
(Fig. 10).
In contrast to the milk. and buttermilk. powders, the retentate powders exhibited less lactose
crystallization when exposed to humid atmosphere.
In
powders
obtained from
retentates
which
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Figs . 11 and 12. Lactose did not crystallize on
t he surfaces of milk retentate powders which were
exposed for 3d to an atmosphere having 75X ( F i g .
11) or as" (Fig. 12) relative humidity at 40° C.
Although the " venation " was not noti ceable I n
these mic r ogr ap hs, the dimples (arrows ) were observed on most retent ate particles.
~ La ctos e cry stals developed on milk retentate particles exposed f or 3 days to an atmosphe re
having 100% relati ve humidity at 40°C.

[15]. Amorphous (glassy) l actose is s l ow l y transformed 1nto crysta ll ine lacto s e on expo s ure to
moisture. Characterization and determination of
crystalline lactose in milk powders by differential scanning calorimetry (OSC) was suggested by
severa l authors [9, 16, 1g, 20].
When subjec ted to OSC, all milk and retentate
powders under study produced thermograms, each
showing one major end othermic peak. The melti ng
temperatures (Tm) ranged from 194' to 20B'C. In
add1t1on, two minor endothermic peaks occurred at
approximat ely I50'C and 175'C (Figs . 14-16). The
Tm values observed markedly differed from the
melting temperatures of anhydrous lactose published in the literature [15, 19]. The melting t empe rature TIP of the anhydrous a-form was rep orted to
be -2 15 C and the melting temperature Tm of the Pform was reported to be -235'C [15, lg]. Since
crysta llization water in the la ctose hydrate evaporates at temperatures below 150 'C [15, 19], the
melting points observed are those of the anhydrous
forms [19]. The Tm values obtained in this study
are lower than those listed above and correspond
more closely to the Tm va lues of the complexes of
a- and P- lactose reported in the literature [15].
Although a- and P-lactose differ in their Tm
values and the difference has been used to determin e the levels of these lactose forms in whey
powders [20], two separate melting points, one for
the a- and the other for the P-form were not observed with the retentate powders. It 1s not possible, therefore, to estimate the a/p ratio from
the Tm data .
The fusion enthalpy (6Htuslonl of lactose
present in the milk and retentate powders was

contained 34~ total solids prior to spray-drying,
no 1actose crys ta 1 s deve 1oped fo 11 ow1 ng exposure
of the powder s to 75~ and 85~ humidities at 25'C
or even at 40'C for 3 days (Figs. II and 12). In
retentate powders exposed to 100% hum1d1ty f or 3
days, plate crystals developed on part1cle surfaces (Fig. 13). At 40'C, the double adhesive
tape, to which the powde r particles were attached
during their exposure to humidity, softened co nsiderably and the smaller powder particl es sank
into the sticky layer.
Compared to powder particles which remained
separated from each other during the1 r exposure to
hum1d1ty because they were mounted on an adhesi ve
tape, powders 1n the form of compact 1ayers spread
on microscope glass slides which had been exposed
to the humid atmosphere , fused into aggregate s i n
a proce ss s1m11ar to the manufacture of instant
milk powders or the process which takes place
during lumping and caking of milk powders stored
in an atmosphere having excess ively high humidity.
Differential scanning calorimetry
In spray-dr1 ed mtlk powders, l acto s e 1s present in both microcrystalline (a- and P-forms) and
amor phous s tates. The amorphous state develops
when lactose disso lved in milk is dried rapidly
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relative humidity did not affect the fusion thermograms (Fig. 17), except that the Tm values were
slightly lower than with the fre shly spray-dried
powders .

3.

LACTOSE PUSION CHARACTERISTICS (iJifuslon)
IN MILK AND ULTRAFILTRATION RETENTATE POWDERS
~---------------------------- ---- -----------------,

! Powd er :

Tm(•c)

Concl us1ons

tJifu sion {J / g) !

'r-------------------------------------------------.,'
i' Milk
206 . 6 ± 0.5
125 0!. 10 .8 l'
:' Retentate (20% TS*l 208.1 ± 5.6
73 5 .:!:. 1 4 .2 :'
i Retentate (27% TS*) 204.7 ± 2.0
61.2 !. 8 . 9 :
i' Retentate
(34% TS*)
194 .4 ± 2.9
5 ± 11 . 3 i'
L
_______________________
____________ __49___________
J

* Total

solid levels before spray - drying .

re 1a ted to th e tota 1 so 1ids content of the retentates prior to spray-drying (Table 3). However. as
these total so 11ds contents affe cted the co nce ntration of lactose in the retentates. it wa s
concluded that the l!.Hfuslon values reflected the
lactose concentration .
Exposure of the mi 1k and retentate powders
for 3 days at 40'C to atmosphere having 100%
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Higher concentration rates used during the
ultraf11tration of milk resulted in increased
protein, fat, and ash contents in the retentates
and lower lactose contents. These shifts 1n chemical composition of the retentates were reflected
by the composition of the resulting spray-dried
powders. The lower lactose content 1n the retentate powders caused the powders to exh1b1t less
crystallization and recrystallization of lactose
on exposure to hum i d atmosphere. The low lactose
content was also apparent when the retentate powders were subj ected to different i al scanning calorimetry: the fusion enthalpy values (6Hruslon>
expressed in J/g were smaller w1th retentate powders than with whole-milk powders. Storage of the
powders at an elevated temperature of 37'C intens if i ed the Mai liard reaction (not iceable from the
5-HMF values) in the retenta te powders and had a
deleterious effect on their solubility as compared
to storage at 4°C.

t.4. Kalab, t.4. CariC, M. laher , and V . R. Harwalkar

16. Raemy A, Hurrell RF, Loliger J. (19B3).
Thermal behaviour of milk powders studied by
differential thermal analysis and heat flow
calorimetry. Thermochim. Acta 22(1), B1- 92 .
17. Rockland LB. (1960) . Saturated salt solutions
for static control of relative humid i ty between 5' and 40'C. Anal. Chern . 32, 1375-1376.
!B. Roetmann K. (1979). Crystallinelactose and
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What could have contributed to

the

Spray-dried Ultrafiltration lrAIIk Retentates

Authors : A markedly lower lactose content in the
retentate powders 1s the most probable reason.

P. Jelen: The comment on the double adhesive tape
seems odd - why bother mentioning it?
Authors: A double adhesive tape is convenient 1n
order to mount powders for SEM examination. However, the powders are seldom exposed to a high
temperature (40'C) for several days under high
relative humidity (100~) conditions prior to SEM.
Our observation may be important to someone who
intends to study particles smaller than spraydried retentates at high temperature and high
relative humidity. For that purpose, 1t would be
advisable to replace the tape with another
material.

droplets dry and solidify more rapidly than larger
particles . It is probable that the minute solid
droplets collide with the still-liquid but already
highly viscous larger particles. As a result of
the impact, the minute solidified droplets form
craters , i n which they become embedded. The mass
pushed aside by these colliding solid droplets
su rrounds them in the form of the rims seen . If
this 1s true, we would see shallow cup-like interfaces such as the one marked w1th an arrow 1n Fig.
3, that was left on the surface of the larger
particle when a smaller droplet broke off, rather
than 11 roots 11 • It is interesting to note, however,
that the rims were observed only with spray-dried
buttermilk but not with other milk powders.
Shallow dimples were seen in spray-dried milk
retentates. It is probable that in this product,
small solidified droplets collided in the spraydrier with the larger particles at a stage when
the larger particles were no longer liquid but
were still soft. The small solid droplets left
their imprints ( "dimples '} on the surface but,
unl i ke in spray-dried buttermilk, did not become
attached to it.

N. Singer: Fig . 3 raises t he following questions:
How do rims form around minute globular particle s
which are seen attached to larger particles of
spray-dried buttermilk? Could some light be shed
on this structure by performing cross sections?
Would we see a 11 root 11 or a shallow cup-like interface?
Authors : In the spray-drier, minute buttermilk

P. Jelen: If there was any recrystallization at
the 3-day storage, why were the Tm values the
same?
Authors: The Tm values have been tabulated by
Morrissey for pure lactose and may not exact ly
apply to spray-dried milk and retentate powders,
where proteins and other constituent s are present
at high concentrations.

P. Jelen: What does the term "moist-looking appearance " of the retentate powders mean? The
powders were presumably dry.
Authors: Yes, they were dry, yet they looked and
behaved as if they were moist, i.e., the particles
stuck together when taken out of the pouch and
handl ed.
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Introduction
Development of ( 1, 3; 1, 4) -p- D-glucan and
( 1, 3)-p-D-glucan in kernels of Himalaya and
Bonanza barley has been followed by fluorescence microscopy using calcofluor and aniline
blue fluorochromes. Specific enzymes were used
to connrm the identity of these two polysaccharides in sections of endosperm tissue.
All
barley lines tested contained both types of
p-glucan but (1,3;1,4)-[3-glucan was synthesized
at an earlier stage of development than was
(1, 3 )-[3-glucan.
Small bead-like deposits of
(1,3)-[3-glucan were detected in all cultivars
examined.
These
deposits
were
present
throughout the endosperm and appeared to be
associated with the inner walls of endosperm
cells .
After treatment of sections with (1,3)[3-glucanase, these deposits could not be detected with aniline
blue.
Himalaya barley
contained , in addition to these bead-like deposits,
larger deposits of ( 1, 3) -[3-glucan that
appeared to be associated with the inner surface
of the cell walls of the outermost cells of the
starchy endosperm. The deposits were concentrated at the aleurone-endosperm junction and
those present in immature kernels were susceptible to hydrolysis by (1,3)-jl-glucanase. Enzymic
analysis indicated that, in mature Himalaya
kernels,
the large deposits also contained
(1,3;1,4)-p-glucan and other material of, as yet,
unknown identity.
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Manuscript received September 19, 1989
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The major component of barley endosperm
cell walls is a (1,3;1,4)-[3-D-glucan (Fincher,
1975; Ballance and Manners, 1978) containing
approximately 70% (1,4)-p-glucosyl linkages and
30% (1,3)-p-glucosyl linkages. This polysaccharide is composed mainly of cellotriosyl and
cellotetraosyl units linked by single ( 1 , 3) -pglucosyl linkages (Parrish et al., 1960). A small
number of blocks containing up to ten glucose
residues linked predominantly by (1,4)-p-glucosyl bonds may be present also in the p-glucan
(Woodward et al., 1983).
The presence of
contiguous (1,3)-jl-glucosyl linkages has been
reported in some 13-glucan preparations (Bathgate
et al., 1974; Fleming and Kawakami, 1977) but
other workers have not found such linkages in
j3-glucan extracted from barley at 40°C (Woodward et al., 1983). It is possible that p-glucan
remaining in the cell wall after a 40°C aqueous
extraction and requiring even more severe
conditions for extraction may contain some
contiguous
(1, 3) -j3-glucosyl
linkages.
The
existence of such linkages in mixed linkage
p-glucan from barley is still, therefore, a matter
for debate.
The mixed linkage p- glucan has been
implicated in a number of problems that can arise
during barley processing and utilization such as
poor endosperm modification during malting
(Aastrup,
1983),
filtration problems during
mashing (Luch singer, 1967), unsatisfactory beer
stability during storage (Gjertsen , 1966) and
digestive problems in chickens on barley diets
(Burnett, 1966).
Because of the commercial
impact of these problems, a large body of
information now exists in the scientific literature
(Fincher and Stone, 1986) on the occurrence and
properties of the mixed linkage 13-glucan present
in barley endosperm cell walls.
The presence of another type of 13-glucan
containing predominantly (1,3)-jl-glucosyl linkages (Fulcher et al., 1977) has been reported in
cereal grains.
This p-glucan, commonly called
(1,3)-p-D-glucan, has been found associated
with the aleurone cell walls of wheat (Bacic and
Stone, 1981a,b) and barley (Taiz and Jones,
1970; Bacic and Stone, 1981a,b) and the endo sperm cell walls of wheat (Bacic and Stone,

A. W. MacGregor , G. M. Ballance and L. Dushni ck y
1980) an d ba rley (Fulcher et al., 1977 ).

Unlike

R86106, R86132, R86160 , R86!62 (University of
Sas katc hewan, Saskatoon, Sas katchewan, 1987).

the mixed linkage p-glucan, (1,3)-p-gtucan does
not appear to be dis tributed uniformly through out the barley endospe rm . It has b een detected
as discrete deposits at the aleuron e - endosperm
junction in Himalaya (Fulcher et al., 1977 ),
Clipper ( Bacic and Stone, 1981a) and Sonja
(Bo issonn et a nd Scriban , 1982) b arley c ulti vars,
as a n almost continuous layer at the ale urone e ndosperm junction of Vanier barley (Fu lc her e t
a l., 1977) and as irregular, very s ma ll deposits
on the in terior surface of endosperm ce ll wall s of
Betzes (Fulcher a nd Wong, 1980) , Clippe r (Bacic
and Stone , 198la) an d Himalaya (Fulcher e t al.,
1977 ) barley cu ltivars.
Results from these
studies s u ggest that the amount of this 13-glucan
present in barley e ndosperm and the type of
deposit it forms may vary from one c ulti var to
a nother.
T he (1,3) -13- g lu can appears to represen t
onl y a s ma ll proportion of the tota l materia l in
barley e ndosperm (Tiunova et al . , 1988 ) . It is
not surpris ing, t herefore, th a t the physical and
possible functional properties of this polysacc har ide have not bee n in ves tigate d. Because the
larges t de pos its of (1 ,3)-p-glucan appear to be
co nce ntrated around the exterior of the bar ley
e ndospe rm, the polysaccharide, de s pite being
present in r e latively s mall amounts, could play
an important r ole during germination by limiting
the move me nt of hydrolytic e nzymes from th e
a leurone to the e ndosperm.
Also, there is
on-going interest from the malting, brewing a nd
poultry-feeding industries
on
the
negati ve
effects of p-glu can on the end -u se quality of
barley intend ed for these indu stries .
Recent
research on the effec t of dietary fibre on blood
c holes te r ol leve ls has pointed out the possible
beneficial effects of cereal fibre , including
13-glucan, in the human diet (Newman e t at. ,
1987; Klopfen stein , 1988) .
It seemed worthwhile, therefore, to re-investigate the occurrence a n d location of (1,3) -J]- glucan in a number
of different barley cu lti vars an d to follow
formation of this p-glucan during kerne l grow th
and ma tura tion .

Growth

study

samples

of

Bonan za

and

Himalaya were grown at Glenlea Research Sta tion, Manitoba, during 1985.
Samples of Himalaya we re harvested at 4, 7, 10 , 12, 14, 20 a nd
24 days after an thesis and at maturity. Samples
of Bonanza were harves ted at 3, 4, 7, 9 , 11 a nd
17 days after an thesis and a t maturity. Immedia tely after harvesting, ke rn e ls were fixed in 5%
glutaraldehyde, dehydrat e d, e mbe dded in glycol
methacrylate (Kodak Eastman) an d sec tioned as
d escribed previously (Feder a nd 0 1 Brien, 1968).

Staining Procedures
Sections were stai n ed with Calcofluor White
M2R (Polysciences ) and with Aniline Blue (Polysciences) , as described previously (Fulcher et
a!. , 1977).
Enzymes Used
Endo ( 1,3;1,4)-13- glucanase
was
purified
from Bacillus subtilis as described previously
(Ba llance , 1985). One unit of e nzyme activit y is
defined as the amount of enzyme that re leases
one mi c romole of reducing sugar (as glucose
eq uivalents) per min from 0.6% li c hen in in 0. 2 M
maleate buffer a t pH 6. 5 and 37°C .
En do-( 1, 3) -13- glucanase was purified from
germinated
barley
as
described
previously
(Ba lla n ce and Svendse n, 1988). This enzyme is
s pecifi c for (1,3)-p-glucans an d will not produce
low molecu lar weight products fro m mix ed linkage
13-glucans, similar to the specifi cit y reported by
Manners and Wilson (1974 ). One unit of e nzyme
activ ity is defined as the a mount of e n zyme that
re leases one micromol e of reducing s u gar (as
glu cose equ i valen ts) pe r min from 0.5% lami nari n
in 0.2 !\1 sodi um acetate buffer, p H 5.0 at 37°C.
A samp le of xylanase, prepared by Or. B.
V. McCleary (B iological and Che mical Research
Ins titute, NSW Dept. of Agriculture, Rydalmere,
NSW 211 6, Aus tralia ) was s u pp li ed by Dr. B.
Rotter, Dept. of Animal Scie nce, University of
Manitoba, Winnipeg. T he xylanase was purified
from Trichoderma virid e and was acti ve on rye
ara binoxylan but did not h ydrolyze s tarch ,
p- glu can or hydrocellulose . A 500- fold dilution
of the stock solution of the enzyme was s hown to
r ed u ce the viscosity of a r·ye ara binoxylan
so lution (0.25%) at pH 5.0 a nd 30°C by 43% in
one min, indicatin g that the prepara tion conta ined a significant amoun t of act ivity .
Mace rase pectinase from Rhizopus 212. . was
ob tai ned from Calbiochem Brand Biochemicals.

Materials and Methods

Barley Sa mples
The following samples of mature barley
kern els were used in this study:
Hima laya
(6-rowed) grown at Pullman, Washin gton (1979,
1985, 1986), and the Glenlea Research Station,
Manitoba ( 1985); Bonanza, a 6-rowed barley
(Glenlea Research Station , 1985 , 1987 ); Argyle
(6 - rowed) and Ellice , a 2- rowed barley (G le nlea
Research Station, 1987); Harrington, a 2- rowed
barley (Lethbridge, Alberta, 1982); Klages, a
2-rowed
barley
(Vulcan
Researc h
Station,
Alberta , 1982); Sonja, a 2-rowed barley (grown
in France, 1982); Campana (2-rowed), Titan
(6 -rowed), Betzes (2 - rowed) and their isogenic
hulless li nes (Sidney , Mon tana, 1979); hulless
cultivars T upper (6 -rowed), Scout (2 - rowed)
a nd Yugos lav ia 13 (2 - rowed) and hulles s breeding lines with varying viscos ity le ve ls 885065
(6-rowed) a nd 2-rowed lines R86019, R86080,

Enzyme T reatment
Slides containin g five section s were placed
on wet filter paper in a petri dish . One section
was used as a control and was trea ted wit h 100
flL of phosphate buffer (0. 2 M, p H 6.5). Three
oth er sections were treated with 100 1J.L (one
unit of activity) of (1,3;1,4)-p-gtucanase from
Bacillus subtilis in phosphate buffer (0 . 2 M, pH
6 . 5) fo r 4il'ii'120°C. Sections were drained and
washed wit h distilled water.
Two of these
sec tions, as well as the remain ing untreated
section, were treated with 100 ~ ( 0.2 units of
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activity) of (1,3)-jJ-glucanase in acetate buffer
( 0. 2 M, pH 5.0) for 6 h
at 20°C.
Stock
xylanase so lu tio n was diluted 500x with 0. 2 J\.1
sodi um acetate buffe r at pH 5 .0. Sections were
treated with 100 ~ of diluted e n zyme for 5 h .
A pect inase solution co ntainin g 8 mg of
pectinase in 10 mL of 0 . 2 M acetate buffer, pH
5. 5, was prepared .
Sections were treated vvith
100 JJ.L portions of this so lution for periods of up
to 16 h.
After enzyme incubation , the s lide s
were draine d and washed with distilled water.
They were then s tained with anilin e blue and a
duplicate
set
was
stained
with
ca lcofluor .
Seve r a l replicat es were prepared for each barley
sample examined.

only micrograph s ob tai n ed with aniline b lue have
been used.
[3-Glucan Deposition Du r ing Seed Develop me nt
No information is available on the forma t ion
of (1,3) -p-glucan during the development of
barley kerne ls . A growth stu dy was initiated,
therefore, to follow the synthesis of this mate rial
in two barley cultivars, Himalaya a nd Bonanza,
during
kernel
deve lop me nt and
mat uration.
Because of ce rtain differe n ces o bs e rve d 1 thes e
c ultivars wHl be discuss e d sepa rat e ly .
For
comparative purposes , formati o n of ( 1 1 3j1,4)-pg lucan in developing kernels was stud ie d a lso
u s ing the fluorochrome, ca lcoflu or.
No ce ll walls, as depic ted by ca lcoflu or
stai ning 1 were detected in e ndosperms of Hi ma laya at 4 days after an thesis but a co ntinuous
network of thin cell walls was apparent throughou t t he e ndospe rm at 7 days after a nthesis (Fig.
1).
This network exte nded to the testa because , a t t his s ta ge , aleurone cells cou ld not be
distinguis hed from those of the starchy end o sperm.
The apparent emp ty space between the
e ndospe rm and
testa was produced during
preparation of the section .
No aniline blue
s t a ining material was det ected in the endospe rm
at this stage.
Over the next few days 1 the
periphera l cells of t he star c hy e ndosperm differentia te d to form the aleu r one tissue, which
u s ually conta in s 2-4 laye r s of ce ll s in barley
(Fig . 2) .
S mall a mount s of (1 , 3) -p- g lu can deposits
were de tec ted first at 12 days after a nthes is and
were readily apparent at 14 days (Fig. 3).
T h ese deposi t s were associated with endosperm
ce ll s adjacen t to the aleurone.
Sma ll bead -lik e
d epos its of aniline blue s taining materia l were
a lso detected in the e nd osperm at this stage.
Trea tment of 14-day sec ti on s with ( 1 1 3) - pg lu canase resu lted in complete re moval of a ll
ani line blue s tai ning materia l but the calcoflu o r
sta ined material was n o t affected. T he a leurone
ce ll walls at this stage had not thickened appre ciab ly an d were only wea kl y autoflu orescent.
Calcoflu or - s tained sections (not shown) , how ever, indi cated thickening of the endospe rm ce ll
walls. T hi s endosperm cell wal l thickening o nly
reached a maximum near seed mat u r ity , con firming th e results of Coles (1979) .
At 20 days after a nthes is 1 the (1,3) -pglucan deposits associated with the periphery of
the endosperm had in c r eased in s ize and number
(Fig. 4).
Aft er treatment with ( l ,3) - p-giuca nase, t h ese deposits no lo n ge r stained wit h
an ilin e blue (Fig. 5).
T h e aleurone ce JI walls
had thickened a nd appeared to b e losing their
a bility to stain with calcofluot•. T h e r eason fo r
this is not clear but it may be due t o the mixed
linkage ~-glucan complexi ng wit h a nd be in g
dilu ted by o ther c ell wall compone nts , s u c h as
arabinoxylans, that must be laid down rapidly at
t hi s s tage because they become t he major com pone nts of aleurone cell walls of mature kernels
(Bacic and Stone, 1981b ) .
No significant increase was d etected in t he
a pparent a mou nt of (1,3)-p-glucan prese n t a t 24
d ays after anthesis and deposits of this mate rial

Microscopy
S tained section s we re examined with a Wild
Le it z Orthoplan fluorescence microscope using
Filter Block A (exciting filter BP 340-380 nm,
barrier filter LP 430 nm ) for bot h s tains.
Illuminati o n was provided by a Super Press u re
Mercury Lamp HBO SOW.
Micrographs were
taken o n Kodaco lo ur VR 400 film.
Results and DLc;cussion
Crite ria fo r Identifying (1,32 -p-D-Glu can Deposits
A sa mpl e of (1,3)- p-glu can has not yet
bee n iso la t ed from barley e ndosperm and c haracterize d.
Evidence for the presence of this
polysaccharide in the endosperm has been based
o n fluor~seen ce mi croscopy studies using aniline
blu e as a fluoro c hrome (Fulcher and Wo ng, 1980;
Fulcher- a nd Wood, 1983) . There has been some
co ntrove rsy ove r the speci fi c ity of this s tain but
r ece nt work (Evans et a l ., 1984; Wood and
Fulche r , 1983, 1984) has s hown that a nilin e blue
does co ntai n a minor component that has a hi g h
specificity for po lysaccharid es contain ing con t iguous (1,3) -f)- g lu cosy l Unkages.
This minor
component or flu oroc hro me has bee n isolated,
c haracterized a nd s hown t o react with (1,3) -13glu ca ns (Evans and Hoyne , 198'2; Eva ns et a !. ,
1984).
Comp le mentary studies have shown that
the abi lity of depos its in sectio n s of barl ey and
wheat endosperms to reac t with aniline blu e can
be re moved by treat ing the sections with exo (1,3) - p-glucanas e (Fulcher et al., 1977; Bacic
and S tone , 1980). Therefore, there is reasonable evid e nce that aniline blue, used under
appropriate conditi ons, is a specific fluoro c hro me
for this po lysaccharide and so it was used in the
current study.
An e ndo-enzyme with a specificity for ( 1,3 ) -p-gJuca n s is produced naturally in
barley kernels (Ba llance and Meredith , 1974 ),
presumably to hydrolyze the (1,3)-1) - g lu can.
This e ndo- (1,3) -f)- g lu canase has been purified
( BaJJance and Svendsen , 1988) and was utilized
in t his stu dy t o confirm that deposits that
stained with a nilin e blue were susceptible t o
degradatio n by (1,3)-13 -glu canase.
The fluorochrome Sirofluor, p u rified from aniline blu e
(Evans and Hoyn e, 198'2 ) , was used in some
experiments in this s tudy.
Because it gave
similar results to those obtained with aniline blue
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Figs. 1-7 . Sections of Himalaya barley endosperm. Fig. 1: 7 days after a n thesis, ca lcoflu o r s tain.
Fig. 2: 10 days after anthesis, calcofluor stain. Fig . 3 : 14 days after anthesis, aniline blue (A B)
s tai n .
Fig . 4:
20 days after a nthesis, AB stain . Fig. 5 : 20 days after an thesis, treated with
(1,3)-p-glucanase, AB stain. Figs. 6 and 7: Mature kernel, AB stain. T ::: tes ta, AI = a leurone,
• = la r ge (1,3)-P - glucan deposit s, ~ =bead-li ke (1,3)-j] - glucan deposi ts . Bar= 25 ~m.
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Figs. 8-13. Sections of mature Himalaya barley endosperm.
Figs. 8 and 9: Treated with (1,3) - pg lucanase, aniline blue (AB) stain. Fig. 10: Calcofluor stain . Fig. 11: Treated with (1,3,1,4)-jlg lucanase, calcofluor stain.
Fig. 12:
Treated with (1,3;1,4)-jl - glucanase, AB stain.
Fig. 13:
Treated with {1,3;1,4)-p- giucanase, followed by (1,3)-jl-glucanase, ABstain. AI= aleurone, ~
large (1,3)-P-glucan deposi t s, 7
=bead-like (1,3)-p-glucan deposits. Bar= 25 IJ.In.
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Pigs. 14-19. Sections of Bonanza barley endosperm.
Fig. 14 : 11 days after anthesis, an iline blue
(AB) s tain. Figs. 15 and 16: Mature kernel. AB s tain . Fig. 17: Mature kernel treated with (1,3)P-glucanase, AB s tain. Fig. 18 : Section of matu re Harringt on barley, AB stain. Fig. 19 : Section of
mature Tupper barley, AB stain . AI =aleurone , ~ = bead-like (1 , 3) - P- glu can d eposits. Bar ::: 25
ilffi.
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throughout the endosperm were still susceptible
to (1,3)-r1-glucanase.
The physical appearance and frequency of
(1,3)-r1-glucan
deposits
in mature
Himalaya
kernels were similar to those described in a
number of publications (Fulcher and Wong, 1980;
Fulcher and Wood, 1983).
Unlike (1,3;1,4)-pg lucan, which is an integral part of barley endosperm cell walls and so is distributed more or
less
uniformly
through out
the
endosperm,
(1 ,3 )-r1-glucan appears to exist as discrete
deposits of varying s ize and frequency in the
endosperm. The largest deposits were found at
the aleurone-endosperm junction and appeared to
be associated with the inner surface of the
exterior cell walls of the endosperm (Fig. 6).
These deposits formed a discontinuous line of
material that almost encircled the endosperm of
some kernels examined.
In addition, much
smaller deposits, similar to strings of beads,
were present throughout the endosperm (Fig .
7). These, too, were associated with the inner
walls of endosperm cells and were s imilar t o
those described by Fulcher et al.
( 1984).
Although these bead -like deposits varied in
frequency, they were more frequent in the suba leurone region of the cheek area of the endosperm.
Similar results were found with a
number of Himalaya samples that had been grown
under different environmental conditions (see
Materials and Methods) .
All samples were
characterized by wide variation in the distribution of the (1,3)-r1-glucan deposits.
Treatment of sections of mature kernels
with ( 1, 3) -p-glucanase removed the ability of the
bead-like (1,3)-p-glucan deposits to stain with
aniline blue (Fig. 8) as has been described
previously for barley (Fulcher et al., 1977) and
other plants (Fulcher et al., 1976).
However,
the larger deposits at the endosperm p e riphery
were not noticeably affected by the enzyme (Fig .
9) even after a 24 h treatment.
Calcofluor
staining clearly shows that these deposits are
enclosed within the wall of the endosperm cell
(Fig. 10). This is also visible in certain aniline
blue stained sections (Fig. 9) and appears as a
continuum of non-fluorescent wall surrounding
the fluorescent deposits.
When sections were
treated with (1,3;1,4) -r1-glucanase, all calcofluor
staining material was removed (Fig. 11), in
agreement with published work (Wood et al.,
1983) but deposits of (1,3)-r1-glucan were not
affected (Fig. 12).
Subsequent treatment of
these sections with ( 1, 3) -p-glucanase removed
the ability of the deposits to stain with aniline
blue (Fig. 13).
It should be stressed that
complete removal of these deposits was not
achieved by the enzyme treatments; some material remained but it did not stain with aniline
blue or with calcofluor.
Treatment of sections
with xylanase had no apparent effect on the
deposits or on the endosperm cell walls. Aleurone cell walls, which are composed mainly of
arabinoxylans (McNeil et al., 1975), were hydrolyzed, however, and lost their ability to auto fluoresce. Pectinase treatment did not affec t the
(1,3)-p-glucan deposits either but (1,3;1,4)-pg lu can in the endosperm cell walls of treated

sections was hydrolyzed and aleurone cell walls
were partially hydrolyzed.
This suggests that
the pectinase sample contained both xylanase and
cellulase or endo-( 1, 3; 1,4)-p-glucanase activities.
Resu lts from the enzymic studies indicate
that the large aniline blue staining deposits
found at the endosperm periphery close to the
a leurone layer of Himalaya barley are a complex
containing
(1, 3) -p-glu can,
(1, 3; 1 ,4)-p-glucan
and other material of, as yet, unknown identity .
Kernels of Bonanza barley, harvested at
different stages of development, were analyzed
also for the two types of p-glucan. Endosperm
cell walls containing mixed linkage p-glucan were
detected first at 4 days while ( 1 ,3)-p-glucan was
not found in significant amounts until 11 days
after an thesis (Fig . 14) .
Changes in the
endosperm occurred fas ter in Bonanza than in
Himalaya as described previously (MacGregor and
Dushnicky, 1989) .
The characteristic, large
deposits of (1, 3) -p -glucan found at the periphery of Himalaya barley endosperms were not
detected in Bonanza even in mature kernels
(Fig. 15).
Small, bead-like deposits similar to
those detected in the interior of Himalaya endosperms were found also in Bonanza (Figs. 15 and
16), predominantly in the cheek region.
These
deposits increased in amount as the kernels
developed and matured.
Bonanza appeared to
contain higher levels of these deposits than did
Himalaya but a wide variation in levels was
observed for both cultivars.
Treatment with
( 1, 3) -p-glucanase of sections of Bonanza from all
developmental stages, including mature (Fig.
17), resulted in removal of all aniline blue
stainable material. In both Himalaya and Bonanza barleys, therefore, ( 1, 3) -r1-glucanase was
able to hydrolyze the small bead-like deposits of
(1,3)-p-glucan found in the interior of endosperms.
Himalaya thus differs from Bonanza in
having large peripherally located deposits which,
in the mature seed, are resistant to (1,3)p-glucanase degradation.
The absence of large ( 1, 3)-p-glucan deposits at the periphery of Bonanza endosperms was
unexpected in the light of previous publications
and suggested that the (1,3)-p-glucan content of
barley was even more variable than had been
suspected. This prompted a wider study on the
presence of this material in barley cultivars.
Comparison of (1, 3) -p- D-Glucan Deposits Among
Barley Cultivars
A number of malting cultivars currently
grown in Canada, includin g Argyle (6-rowed),
Harrington (2-rowed),
Ellice (2-rowed) and
Klages ( 2-rowed), were examined.
No large
discrete (1,3)-p-glucan deposits were detected at
the endosperm periphery of any of the cultivars
but all cultivars contained the much smaller
bead -like deposits described already in this
paper (Fi g . 18).
Himalaya is a hulless barley. To determine
if the cha racteristic large deposits of ( 1, 3) -r1glucan found at the periphery of Himalaya barley
endosperm were associated with the hulless
characteristic , three barley cultivars, Campana,
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Titan and Betzes a nd their hulless isogenic
counterparts as well as the hulless cultivars
Tupper and Scout were examined.
The large
p-glucan deposits, so characteristic of Himalaya,
were not detected in any of these cultivars.
Small bead-like deposits, similar to those described for other barley cultivars studied, were
visible throughout the endosperms of all cultivars (Fig. 19).
No differences were detected
between the pairs of isogenic cultivars in either
the frequency or size of the (1,3)-p-glucan
deposits.
Previous reports have described the
presence of (1,3)-p-glucan deposits at the
endosperm periphery of hulled cultivars such as
Vanier (Fulcher et al., 1977), Clipper (Bacic
and Stone, 1981a) and Sonja ( Boissonnet and
Scriban, 1982).
Currently available evidence
suggests, therefore, that these deposits are not
associated directly with the hulless characteristic
of some barley cultivars. In the current study,
only a few of the large deposits of (1, 3) -pglucan were detected at the endosperm periphery
of a sample of Sonja barley.
A recent report (Galway and McCully, 1987)
suggests that formation of (1, 3) - p-glucan deposits can be induced in root tissues during preparation of sections for microscopy. It is possible
that some of the small, bead-like deposits of
(1,3)-p-glucan could be formed in this way and
further work is required to investigate this
possibility.
However, it is unlikely that the
large deposits, located at the aleurone-endosperm
interface of Himalaya barley, are formed during
section preparation.
Barley-based diets are utilized poorly and
can cause digestive problems when fed to young
chickens . These problems have been traced to
the relatively high viscosity induced by barley
(1,3;1,4)-p-glucan as the feed passes through
the digesti ve tract of the chicken (White et al. ,
1983). An important element in current barley
breeding programs is to minimize such viscosity
effects by reducing p-glucan levels in barley.
In on e such program it was noted that some
barley lines with apparently similar total pglucan contents produced extracts with widely
varying viscosity levels (Bhatty and Rossnagel,
private communication) . Variation in the proportions of (1,3;1,4)- and (1,3)-p-glucans would
offer one explanation for these results. Again,
however, no obvious differences were observed
in the (1,3)-p-glucan content of the breeders'
lines studied.
No large, discrete deposits of
aniline blue staining material were found at the
endosperm periphery. Therefore, it is unlikely
that (1,3)-p-glucan had a significant effect on
barley viscosity levels.
On the evidence of fluorescence microscopy,
it would appear that ( 1, 3) -p-glucan represents
only a small proportion of the total p-glucan in
barley
endosperm.
Howe ver,
the
relative
fluorescence intensities of (1, 3; 1 ,4)-p-glucan/
calcofluor and (1.3)-13-glucan/aniline blue complexes have not yet been determined.
It is
possible that there is a significant difference
between them so that fluorescence studies could
give a misleading idea of the relative amounts of
the two p-glucans present. Results of a recent

quantitative study (Tiunova et al., 1988) indicate that barley grain contains about 1% of
(1 ,3)-p-glucan.
This compares with le ve ls of
4-6% for the mixed linkage p-glucan (Anderson et
a!., 1978).
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Discussion with Reviewers
P. J. Wood:
Some (1,3)-p-D-glucans are inaccessible to certain ( 1, 3) -p-D-glucanases as a
result, possibly, of a triple-helical conformation
which may be disrupted by prior alkali treatment
[Catley and Fraser, Carbohydr. Res. 183 (1988)
83-88].
Did the authors determine if their
(1,3)-p-D-glucanase was active against (1,3)-pD-glucans other than laminaran, such as scleroglucan,
pachyman and (in tissue sections)
callose?
Authors:
Sections of Himalaya barley were
treated with 0. 5 M NaOH for 10 min prior to
digestion with (1,3)-p-D-glucanase for 24 h.
The large p-glucan-containing deposits were not
removed by this treatment.
The (1,3)-p-Dglucanase hydrolyzed hydrated pachyman but
susceptibility of the other substrates to the
enzyme was not determined.
Reviewer III: What would the solubility potential
of (1,3)-p-D-glucan likely be in cold , warm, hot
water or diluted alkali compared with the mixed
linked P-D-glucan of the endosperm cell wall?
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Authors: We have no information on the relative
solubilities of the two types of p- glucan in these

solvents.
Reviewer II I:
Since the endosperm cell walls
a lso con tai n protejn, could the pectinase preparation used contain proteolytic enzymes?
Authors: It is quite possible that the pectinase
preparation used in this study con tained proteolytic enzymes.
If so, thes e en zymes could
hydro lyze the pro tei n present in the endopserm

cell wa lls.
Reviewer lll: Do the authors have any information on the relative location of the materials in
the bead-like bod.ies since this would innuence
enzymic degradation?
Au thors:
We have limited information on the
bead-like bodies in barley endosperm.
They
were present in all barley cultivars examined,
appeared to be associated with the inner walls of
endosperm cells and were hydrolyzed with
relative ease by (1,3)- p-glucanase.
M. E. McCully:
In the light of the known
induction of "wound" callose by conventional
fixation
procedures
(Galway
and
McCully,
Protoplasms 139, 77-91, 1987), how do you know
for cer tain that all your observed (1,3) -p-gtu can
deposi ts a r e e ndogenous?
Aut hors: We cannot be ce rtain that a ll of th e
s mall, bead-like deposits are endogenous because
of Dr . McCully 's findings.
All kernel sec tions
were treated in the same way and we found the
regu lar occurrence of large
(1,3) -p-glucan
deposits on ly in Himalaya barley.
If these
deposits were caused by wound induced ca llose
formation, then we would expect to find them in
other barley cultivars.
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Abstract

Introduction

The utilization of valuable by-products of

seed processing residues as

coextrusion materials

was investigated , By mixing sunflower, pumpkin,
corn or rice germ presscake with cereals (wheat ,
corn, rice), the good protein quality of the
former group might improve the biological value
of the resulting coextrudates. The microstructure
of such coextruded pr o ducts was analysed with reference to their chemical compositions, nutritional characteristics and f unctional properties.
As seed processing residue was increased, the
microstructure of the products became more compact
and uniform and the a ir/solids ratio decreased
considerab l y. The results showed that the hi ghest
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Extrusion technologies are being used increasingly in the processing of cereal-based
foods, snacks and related products . Usage has
grown rapidly because of the development of technologies capable of producing a wide range of
products economically . High-temperature, shorttime (lUST) procedures are versatile and continuous. The resulting products are sterile and very
dige stible (Seib 1976).
Because mechanical and heat treatment can or
has the potential to disorganize the original
structure of raw materials (BjOrck et al 1984),the
physicochemical character , ultrastructure and
texture of the main components of the starting materials (starch, proteins and l ipids) can change
signifie.antly during extrusion (Seib 1976,
Will i ams 1977) .
The modifications of starch due to extrusion
were detailed by several workers (Mercier and
Feillet 1975, Faubion and Hoseney 1982fl, Owusu
- Ansah et al. 1983 , Goodman and Rao 1 984,
Villareal and Juliano 1987). Some of changes expected to occur in proteins during extrusion have
been reviewed as well (Faubion and Hoseney 1982b).
Heat-sensitive components (vitamins, fatt y acids,
etc.) are effectively preserved by short term
thermal processing while the relative amount of
dietary fiber slightly increases under the extreme
conditions of temperature and pressure (Varo et al.
1983, BjOrck et al. 1984).
Successful coextrusion of maize protein with
soy produced a uniquely textured product (Neuman
et al 1984, Aguilera and Kosikowski 1978). Koeppe
et al (1987) coex t ruded amaranth seeds and maize
gluten meal to produce nutritionally complemented
products . Similar work has been reported by Peri
et al . (1983) concerning the production of a corn
germ-milk coextruded snack product.
In spite of these successes, the use of HTST
extrusion cooking for the texturization of certain
oilseed proteins or mixtures of plant materials
has not been investigated satisfactorily. The ob jective of the present work was to study the
effect of extruding seed processing residues (sun ~
flower seed, pumpkin, maize germ, rice germ) with
cereals (wheat, maize, rice) . The changes in chemical composition, microstructure, functional properties (expansion, ~'ater- and oil-absorption capacity , emulsion activity index) and nutritional
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quality of the extruded products were investigated
as a function of concentration of the seed processing residues. This study aimed at the utilization of these valuable industrial by-products
(seed processin~ residues) as food ingredients in
human nutrition.

mined by the method of Pearce and Kinsel Ia (1978) .
Samples of 0 .6 g were homogenized in 12 cm 3 0.1 M
phosphate buffer • pH 7 . 4 • with 4 cm 1 sunflower
oil at 15000 rpm (6000 g) for 1 min . Samples of
100 Ul were collected after eli ffPrPnt inrl•bation
times (time range 0 . 5- 60 . 5 min) and diluted one
hundred times with 0.01 M phosphate buffer containing 0.05 % sodium dodecylsulphate. The absorption of the samples was measured at 500 nm, and
EAI was calculated according to Pearce and
Kinsella ( 1978) .
Electron microscopy
The extrudates were cut and glued with carbon
paint. The specimens were coated with gold (thickness 50 nm, vacuum JQ-5 torr). During evaporation
the sample holder was cooled by water to prevent
samples from heating.
The extrudates were examined in a JEOL JSM
840 SE..~ using the secondary electron images. ln
order to reduce charging and beam damage, low

Materials and Methods
Materials
-oiTSecd pres s cakes, s un flower seed, pumpkit,
seed, maize germ, and rice germ were obtained from
the Herbaria Co. , Budapes t. The fresh cold pressed
(350 atm) by-products were ground by Cyclotec
1093 (Tecator , Sweden) sample mill to an average
particle size <0.32 mm and were used immediately
for extrusion. The commercially available cereal
meals (hard wheat , maize, rice) were obtained
from Hungarian Grain Trust (Budapest).
Extrusion
~seed processing residues and cereal components were mixed, pairwise in a cylindrical
powder mixer of 0 , 20, 40 or 60 % (w/w) seed
processing residues . An industrial extruder
(GMVOI, GMV Szekesfehervar, Hungary) with a 35 mm
diameter single screw ( 1/d ratio:4/1, pitch 46mm)

(~~~}~~7~~1S ~)l::~:s u~~~~O

kV) and currents

Nutritional evaluation
AJn1no acid analyses were performed using a
Mikrotechna MA 881 amino acid analyser equipped
with an aut omatic sample applicator . Duplicate
determinations were conducted on duplicate saq>les .
.!!! vitro biological value of proteins were
calculated from amino acid data acco rd ing to
Morup and Olesen (1976) using a computer program.

~=~e~:e~e~~ ::t~~~~o~~~ 7~~· 0 ~h~a~:~~u~!~~e~:~~;e
(hea t ed by an electrical induction system),
100 rpm screw speed and six 4 mm restriction dies.
The t otal residence time of t he product in the
extruder was about 8 sec . The products were coo led
by air and ground into po...,-d er for analysis.
Proxim.:ttC' analysis
~aterials and ext rudates were ana l ysed
by MCC (1983) and AOAC ( 1980) methods: Crude
protein (Kjeldahl; AACC method 46-10), moisture
(AACC method 44-19) , ash (AACC method 08-01),
crude fiber (AOAC method 14020) and lipid (AOAC
method 14018).
Functional properties
Bulk density was estimated by measuring the
weight of 10 cm 3 unextruded (ground) and 1000 cm 1
extruded material. Graduated cylinders containing
the extrudates were tapped 30 times to allow uniform compacting of the material . The mean of nine
replicates was reported . The water absorption capacity (WAC) was determined by a modified capillary absorption method at ambient temperature
according to Enslin (1933) . Samples o( 50 mg were
placed on the s urface of a glass filter and the
amount of absorbed water was determined f r om the
changes of the water level in the capillary. The
WAC value was expressed as g water absorbed/g
sample. The results represent the mean of three
replicate measurements.
Oil absorption capacity (OAC) was measured
by modified method described by tin et al. (1974) .
A 0.5 g sample was mixed (1 min) with 3 cm 1 sunflower oil in a plastic centrifuge tube and allowed to stand 20 min at ambient temperature.
The slurry was centrifuged at 4000 rpm (1800 g)
for 25 minutes. The tubes were inverted on filter
paper for 10 minutes and then reweighed, The
measured data were expressed as g absorbed oil/g
samp!e. Samples were measured in triplicate .
Both the emulsifying activit y index (EAl)
and emulsion stability index (ESI) were deter -

Results and Discussion
Chemical compos it ion
The raw materials used (Table 1) allowed us
to vary the chemical composition of the coextrudates over a wide range . By altering the amount of
macrocomponent s present (protein , starch, lipid),
parameters of nutritional importance could be
changed accordingly . The nutritional properties of
the products were determined by their amino acid
composition and by the amount and ratio of
essential amino acids (Table 2),
Table 1. Chemical composition o( raw materialsa

Meal
Wheat
Naize
Rice
Sun(lower
seed
Pumpkin
seed
Maize
germ
Rice
germ

Crude
protein
7.

Lipid

Motsture

7.

%

%

Crude
fiber
7.

11.1
9.9
8.6

0. 33
0 . 93
0. 11

6.0
6.2
z. 7

0.44
0.80
0. 72

0. 90
0 . 90
0 . 70

Ash

46.9

8 . 78

6.3

7. 10

9 . 00

55.3

8. 75

7. 1

8. 10

9.20

17 . 8

14.05

5.6

3.41 12.90

20.3

13.73

7.3

8.23 13.90

a - triplicate determinations of each sample
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Table 2 . Amino Acid composition of raw materials
(mg amino acid/g sample)

Amino Wheat
acid

ASP
THR

SER

GLU
PRO
GLY
ALA
CYS
VAL
MET
ILE
LEU
TYR
PHE
LYS
HIS
TRP
ARC

5 . 41
4.08
4.56
34 . 97
12. 55
4. 37
3. 48
0.87
3.02
1.08
3.08
5.85
4 . 63
5.32
2 . 91
2. 83
0 . 06
4. 43

Pump- Maize
Maize Rice Sunflower kin germ
seed
seed

7.52
5 . 12
4.38
20 . 98
4. 33
3. 31
7. 46
0. 81
3.80
1. 59
2. 43
12.32
5. 92
6. 74
3 . 30
4.04
0 . 05
4. 88

9. 32
5 .46
3 .48
13 . 10
2. 40
3. 55
4 . 17
0. 98
2.81
1.59
2. 10
5.81
4.98
4. 34
4 . 32
2.25
0. 13
7.07

48.05
24 . 12
16. 59
90 . 84
24. 10
24 .88
18.63
6. 76
16.59
7 . 45

41.97
19.22
23 . 30
79 . 91
19. 53
34.30
26.22
2. 90
27.25
14 . 88
ll..58 15.07
23.68 41.65
19 .4 8 18.52
23.58 27.79
20 . 36 29 . 95
14.44 17.61
1.86 0 . 16
45.02 98.44

15.82
B. 28
7. 46
24 . 73
5 . 86
11.66
9. 87
1. 26
7. 50
2 . 82
5.05
10.79
8 . 69
13.69
13.69
II. 23
0 . 55
24.33

Table 3. Bulk density of raw materials and their
extrudates prepared from pure cereals or
mixtures of cereals and seed processing
residuesd

Ric"'

germ
Additive

~'hea t

cxtr, a

13.99
5 . 46
5. 73
23.31
8 . 14
10.49
9 . 40
7. 76
6.55
I. 93
4.83
8.43
7 . 83
7.28
14.61
7.52
3.32
20.01

Maize
Rice
kg/dm 3
a
extr . a raw
cxt r.

None

0 . 715 0. 152

0 . 633 0,073

Sunflower
seed
20%
40%
60 :

0.7 10 0 .064

0.704 0 . 346
0.642 0 .352
o.640 o.317

0.63 1 0.375 0.674 0.184
0.624 0.419b 0.634 0.305b
o.620 o.404 o.586 o.329b

Pumpkin seed
20%
0.705 0 . 373 0.640 0.293 0 . 704 0.246
40%
0.649 0 . 371 0.634 0.395b 0.668 0.261
60 %
0 . 615 o . 299c 0.607 0.375b 0.608 0.249
Maize
germ

The lipid nod crude protein determination of
the products confirmed that during the extrusion
process 1,0 l oss of protein or lipid occurred.
Based on a given raw material composition , any
required product can be realized . However, sensitive amino acids did change during extrusion
which resulted in a decreased nutritive value o[
the products (see below).
Functional properties
While the bulk density (BD) of the products
decreased due to extrusion in all cases (Table 3),
there were large differences in BD depending on
the cereal components used. This could be due to
different behaviors by the various starches
(Mercier and Feillet 1975) and proteins (Faubion
and Hoseney 1982b) tested. In all cases , the 80
values were considerably influenced by the addition of the seed processing residues. The changes
of BD as a function of additive level were less
pronounced in mixtures containing wheat. Using
maize and rice as cereal components , considerable
changes were observed . In the mixtures of maize+
rice germ 20% , rice + sunflower seed 20% , and rice
+ rice germ 20%, the BD values of the products
were lowest and most comparab le to that of extruded pure wheat .
The water and oil absorption capacities of
the pure cereals generally increase upon extrusion (Lawton et al. 1985) . The values obtained
for extruded maize and rice (Tables 4 and 5) did
not differ significantly in either parameter
while wheat showed lower WAC and OAC values compared to extruded maize and rice. On comparing
the WAC of pure extruded cereals to that of coextrudates, WAC values were found to decrease
with increasing the amount of the oilseed component (Table 4). Low concentrations of seed pro cessing residues (20 %) resulted in 10-30 % dec r eases in the WAC of extrudates . WAC was least
affected when maize germ residue was used as the

20%
40%
60%

0 . 638 0 . 337 0 . 638 0.364 0.66 1 0.237
0 .6 25 0 . 38/b 0 . 6 12 0 . 409b 0.609 0.376b
0.586 0 . 418b 0.574 0.413b 0 . 580 0.397b

Rice
germ
20%
40 %
60%

0 .677 0 . 412
0 . 652 0 . 433
0.625 0 . 4 12

0 . 629 0 . 207 0.709 0 . 117
0 . 6 17 O.J97b 0 . 66J 0.198h
0.587 0.425b 0.617 0 . 296c

a - extruded samples
b - significantly different from the 20 % mixtures
of the same additive, p <0 . 05
c - significantly different from the 20 % and
40 % mixtures of the same additive, p<O. OS
(Student's t - test)
d- three determinations on three replicate
samples
seed processing residue component, Higher substitutions resulted in more drastic lowering of
the WAC, e . g , 65% decrease in wheat : pumpkin seed
(40 : 60) .
The oil absorption capacity of coextrudates
was decreased to 40 - 60 % of control (0 % processing residue) values at the level of 20%
seed processing residue in the extrudate
(Table 5.) . The same trends were observed for all
types of cereal components used.
The extrudates and coextrudates showed relatively low (1 -2 g/g) EAI and stable ESI indices . The EAI and ESI values obtained did not
differ significantly as a function of seed processing residues added.
Microstructure
Figure 1 (a - c) shows that the microstructures
of the extruded cereals differed significantly.
However, each pure cereal showed rather uniform
extrudate structure, in the sense that the holes
or compa rt ments had similar shapes and the cell
walls were rather typical for the particular
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and small cells was random. The largest compartments were about 1 mm in diametf'r. ThP lonsP microstructure of these two cereal products explains
their low bulk density. Extruded wheat (Fig . lc)
had fibrous surfaces and contained irregularly
shaped cells . The different coextrudates showed a
significantly different microstructure at low and
high magnification. The structure of eac h particulnr coextrudate variell within the samp le. Only
typical changes due to the addition of seed processing residue are presented in Figures 2 to 4.
The effect of increasing processing residue
content on extrudate microstructure is shown in
Figs. 2a- c. The addition of 20 % rice germ disrupted the flaky structure of extruded rice with
the appearance of small granules (Fig . 2b) . With
increasing amounts of t he additive, a compact,
granular structure (Fig. 2c) was observed at higher magnifications. Upon the addition of seed
processing residues, the ratio of dispersed air
was reduced (bulk density increased) and the
structure became roore compact and the cell walls
showed less variability within the sample.
Effects similar to the above mentioned were
observed for coextrudates of processing residues
and maize. Adding rice germ , pumpkin, maize germ
and sunflower seed processing residues at 60 %
concentrat ion caused the original mi c ro str ucture

Figure 1. Low magnification scanning electron micrographs of extrudates of a) rice;
b) maize; c) wheat.
Figure 2. Scanning electron micrographs of
__..,.
a) extruded rice (fur ther m.:~.gnification
of a similar area indicated by the
arrows in Fig. Ia); b) coextrusion of
rice with 20% rice germ residue;
c) coextruded rice with 60 % rice germ
residue.
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to disappear . The coextrudates had compact structure containing intact starch granules 5-15 lJm
and in some areas gelatinized starch was observed
(Fig. Ja-e ).
On adding seed processing residues to wheat,
the original lamellar s tru cture (observed at
higher magnifications) completely disappeared
(Fig . 4a-e), With 20 % seed processing residue
addition some fibrous-lamellar structure at the
surface of compartments could still be observed
(Fig. 4b-c). Increasing the amount of the additive
to 60 %, a rippled structure with randomly distributed granules of different size wa. s observed
in some areas of the sample. These g ranule s ,
appearing only with the addition of 60 % residues
seem to be intact starch particles with a maximum
diameter of 20 lJm .
Nutritional evaluation
Protein nutritional quality indices (Morup
and Olesen 1976) of extrudates prepared from
cereals and from mixtures of cereals and seed pro cessing residues were calculated from the samples'
amino acid compositions (Table 6). The relatively
low biological values of cereals were increased
by the addi tion of seed processing residues . The
biological value of extrudates made with rice germ
and sunflower seed increased considerably. The
identity of the cereal component played a role as
well. All three cereals are well complemented with
rice germ at concentrations of 20-40 7.. Sunflower
seed improved the biological value of extrudates
at all seed processing r esidue co ncentra.tions .
Wheat .:Jnd maize improved on l y when supplemented
with large amounts of pumpkin seed . The nutritional quality of the!';e r.nextnldl'lt'PR w;~s not significantly improved by the addition of maize germ .
There were significant ( p<O . OS) differences
(Table 6.) between measured and calc ulat ed biologica l values in extruded products. The se results
suggest that the destruction of limiting amino
acids (tryptophan, cysteine and methionine) during
extrusion has to be taken into consider at ion .

Table 4. Water absorption capacity of extrudatesfrom cereals a nd from mixtures of cereals
and seed processing residues

Additive

Wheat
Rice
Maize
g water/g material
4. Jc

4.6c

4 . sc

Sunflower
seed

20%
40%
60%

4.0
2. 9a
1. )b

3.9
2 . la
2.2a

3.0
2. 7~
2.5

Pumpkin
seed

20%
40%
60%

2.8
2. 1~
1.5

2.6~

Maize
germ

20%
40%
60%
20%
40%
60%

None

Rice
germ

3. 9

4.3

1.5

2.3

3.4
3.4
2. 7a

3.5
3.2a
3.3a

3.5

2.4

3.9
8
2.2
3
2 .2

3.8
3.5:
3.0

1. gil
8
2.0

3.3~

4.3

4 . 0~

significantly different from the 20% mixtures
of the same additive, p<O . OS
b - significantly different from the 207. and 40%
mixtures of the same additive, p<O.OS
c - values of pure extruded product significantly
(p <O.OS) different from values of coextrudates
with the same cereal
Table 5 . Oil absorption capacity of extrudates
from cereals and from mixtures of cereals
and seed processing residues

Wheat
Maize
Rice
g oil/g
material

Additive

2. lc

2 . 8c

2. Be

Sunflower
seed

20%
40%
60%

1.3
1. Ia
3
1. 1

1.2
1.1
3
0.8

1.5
I. Oa
I . 1a

Pumpkin
seed

20%
40%
60%

1. 5
1. 2a
8
1. 2

1.6
1. 1a
1 .2 a

2.4
1 . 3a
1 . 2a

Maize
germ

20%
40%
60%

1.2
l.O a
a. 9 3

1.1
0. 9
1.0

1.0
0. 9
0.9

Rice
germ

20%
40%
60%

1.1
3
0.8
8
0.9

1.5
0. 9a

a . 98

1.6
1.1 :
0.9

None

Conclusions
Functional properties and microstructural
evaluations suggested that HTST extrusion is an
applicable technology to process various cereals
containing seed processing residues as coextrudates .
The bulk density of the coextrudates increases
with an increase in the amount of seed processing
residues in the mixture. A pronounced decrease was
observed in the WAC and OAC of the coextrudates .
Because of the above unfavorable tendencies, the
amount of seed processing residues in the products
is limited (max . 20- 40 %) . In contrast, an advantageous increase in nutritional value was observed
by addition of seed processing residues .
The extrudates of pure cereals showed cellular
microstructures of different character but became
more compact when the processing residues were
added . Increasing the seed processing residue content reduced the proportion of air in the products
which paralleled a shift in the ratios of
gelatinized/intact starch.
The recommended cereals and seed processing
residues to form coextrudates of acceptable quality are shown by our results to be composed of

a - significantly differen t from the 20% mixtures
of the same additive , p<O .OS
b - significantly different from the 20% and 40%
mixtures of the same additive, p<O.OS
c - values of pure extruded product significantly
(p<O . OS) different from values of coextrudates
with the same cereal
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Figure ), Scanning electron mi crographs of a) extruded maize and co extrusions of maize
with seed p r ocessing residues of b) 60%
rice germ ; c) 60 % pumpkin; d) 60 %
maize ge r m; e) 60 % sunflower.
(s) starch , (gs) ge latin ized starch .

Figure 4 . Scanning electron micrographs of
a) extruded wheat and coextrusions of
wheat with different amounts of seed
pr ocessing residues; b) 20% rice germ ;
c) 20 % pumpkin; d) 60 % rice germ;
e) 60 % pumpkin .
(s) starch, (gs) gelatinized starch .
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Table 6 . In vitro biolog i cal value of proteins in
e;truda'tes calculated by Morup and Olesen
(1976) index

Additive

Wheat
Maize
Rice
calcua mea- b calcu- mea - calcu- mealated sured lated su r ed lated sured

None

35.8

Rice
germ

20X 97 . 6
40% 97.3
60% 82 . 5

Pumpkin
seed

20% 53 . 3
40% 59.3
60% 60 . 4

Maize
germ

33 . 6

29 .8

78 . 5

86.2
106 . 4
89 . 9

56.5

47.2
55.3
59 . 4

20% 47 . 4
40% 50.6
60% 50 . 2

Sun20% 61 . 7
flower 40% 7 1. 0
seed
60% 76.0

Goodman DE , Rao RM . ( 1984). Amylose content and
puffed volume of gelatinized r i ce . Journal of
Food Science ~ : 1204- 1205 ,
Koeppe SJ, Ha rri s PL , Hanna MA , Rupnow Jl-1 ,
Walker CE , Cuppett St. (1987) . Physical properties
and some nut r itional characteristics of an extrusion produc t with defatted amaranth seeds a nd
defatted mai ze g lut en meal (80:20 ratio) . Cereal
Chemistry~ : 332- 336 .

28 . 0

69 . 1

84 . 5

90.4
86 . 6
76 . 6

70 . 7

64 . 6

68.4
66 . 1
63 . 3

48.6

46 . 3

42 . 2
49 . 9
50 . 5

56 . 9

62 . 2
57.5
54 . 1

50 . 2

Mercier C, Feillet P . (1975) . Hodification of
carbohydrate compone nts by extrusio n-cooking of
cereal produc t s . Cereal Chemistry 2.?_: 283-297,

69 . 6

56.1
67.3
73.9

68 . 7

77.5
79.5
80.3

72 . 7

Morup IK , Olesen ES . ( 1976). New method for prediction of pro te in value from essential amino acid
pattern. Nutr . Rep . Int. g : 355-365.

62 . 9

Lawto n J W, Davis AB, Be hnke KC . ( 1985) . High-temperat ure , s hort t i me extr usion of wheat g lute n
a nd a brom- l i ke f r action . Cereal Chemis t ry g :
267-27 1.
Lin MJ , Humber t ES , Sosulski FW . (1974). Ce r tain
functional prop er ties of sunflower meat products .
Journal of Food Science 22,: 368-378.

a- calculated values r epresent the theoret i cal
predictable biological val ues
b - measu r ed values were ca l culat ed by amino acid
composit i o n of cxtr uda tes

Neumann PE , Jasberg BK , Wall JS. (1984) . Uniquely
textured produ ct s obtained by coextrusion of corn
glute n mea l a nd soy flour . Cereal Chemistry!!_ :
439-445 .

maize or rice as cereal and s un f l ower seed or rice
germ as seed processing r esid ue component.

Owusu-Ansah J, van de Voort fR , Stanley OW. ( 1983) .
Physicoc hemical changes in corns t arch as n function of extrusion variables . Cereal Chemistry 60 :
319-324 .
-
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Discussion with Reviewers

P . O. Richards : The main body of the work relates
the microstructure to the functional and nutritional aspects . The authors should explain why
the nut r itional and relat ed data are essential
for this wo r k?
Authors: The purpose of the coexcrus ion is to obtain p r od ucts with inc r eased nutritive value.
Measuring th e change of these paramet ers to
evaluate the produ c t s i s essential.

D. J . Gallant: Cytochemistry would helpfully r esolve the question " how the oil seed interacts
with the othe r compone nts of cereals and oil seed
residues ". Did you try to s tudy it either under

the li ght o r transmission electron microscope?
Authors : Specific staining is pl anned for cytochem i cal evaluation of coext rudate s to rev al the
in te r action of mncrocomponents durin g ext rusi.on .
Light microscopy results will be pre sented in a
se pa r ate pa per.

P.o . Ri ch ards: Have the a uthors made a ny investigat i ons of biodigestibi lity J..!! vi vo to determine
the nutritional value of the p r oducts?
Authors : Parallel i n v i vo rat trials and ~ ~
~ments for determination of the biological
value and the true d i gestibility of proteins for
extr uded products were performed. The correlations between i n vivo and in vitro data were de termined fo r b"Oth----pi"rameter5 ~ill be reported
e lsewhere .

W, J , Wolf: Sunflowe r seeds contain chlorogenic
ac1d and other phenolic acids. Does the presence
of these compounds cause problems of undesirable
colors in the coext rudates?
Authors: The co l our of the products was basically
determined by the colou r of the cereal component
obtained after hydrothermic t r eatment. The white
or yellow colour of t he cereal components turned
into clear brown or g reen due to addition of sunflower seed and pumpkin. respectively. The colours
were stable during storage . For these r easons the
chlorogenic acid and phenolic components of the
seed processing resid ues we re not measured .

Additional Reference
Pagani MA . Gallant DJ . Bouchet B, Resmin~ P.
( 1986) Ultrastructure of cooked spaghettL. Food
Microstructu r e~ : 111-1 29.

W. J . Wolf: The oilseed press cakes contain
app r eciable amounts of li pids (Table I ) . Do these
residual lipids cause stab ility problems in the
coextruded materials?
Auth ors : The orga no leptic properties of the co ext rud ates are certai nly influenced by t he c haracteristics of the lipids . For this reason coextrusion was dona from f r esh l y press ed oiloccd reeld ues. The oxidation of the sensitive components
wi.ll have to be prevented by adequate pa ckaging
and by adding antioxidants . S t o r age experiments
a re planned to investigate t he s t ability of the
products.
W.J . Wolf: For a food product to be sucessful , it
~ organolep ti c prope rti es that are acceptable to consumers . Have you evaluated any of the
extruded mate rials for their organoleptic characteristics, i . e . , flavour and texture?
Autho rs: Preliminary expe ri ments were carried out
to analyze the o r ganoleptic properties of the coextr ud ates , The flavours were present .
J .M. Faubi on : What a r e the small granules (about
1 lJm) shown in Fi g . Jb-e?
Autho rs : The 1-2 IJm s iz e granu les are believed to
be protein bodies according to pr evious works of
Pagani et al. ( 1986) .
J . H. Fabubion: Why does the addition of the seed
processin g residues inhibit o r prevent starch
ge lac ini zation?
Authors: The eleva ted seed processing r esidue
~ (higher amount of li pids ) presumably prevented the water migration that paralelled the
reduced heat cond uction. These unfavourable temperatu r e condi tionR a.nd the deC"'re-asl:'d amount of
available water resulted in reduced gelatinization.
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A METHOD FOR LIGHT AND SCANNING ELECTRON MICROSCOPY OF
DROUGHT - INDUCED DAMAGE OF RESTING PEANUT SEED TISSUE

Clyde T. Young* and William E. Schadel

Department of Food Science
North Carolina State University
Raleigh, North Carolina, 27695 - 7624

Abstract

Introduction

Tissue damage creates numerous problems for
the microscopic examination of resting peanut
(Arachis hypogaea L. cv . Florunner) seed physical
structure.
Th1s paper presents a method to deal
with specific problems encountered in light micros-

Light microscopy (LM) and scanning electron
microscopy (SEM) of native resting peanut involve a
fixation - dehydration - drying methodology that seeks
to preserve the tissue so that it will retain its
morphology for microscopic examination.
Tissue
which is damaged before fixation presents unique
problems which hinder this effort. Such damaged
tissue may result in poor SEM imaging, poor LM
stain affinity , and poor tissue fixation for both LM
and SEM.
Our laboratory was first involved with micros copic examination of drought - induced damage of res ting peanut seed tissue in connection with evaluation
of peanuts for a severe off-flavor problem (Young
and Schadel, 1984) . During that study, numerous
problems with SE M imaging and LM staining preparations were encountered while adapting undamaged
resting peanut seed tissue fixation - dehydration meth ods for use on resting peanut seed tissue with
drought - induced damage. The present investigation
was undertaken to discover the cause of those problems and to devise a method to improve the micros copy for evaluation of drought - induced damage of
resting peanut seed tissue.

copy (LM) and scanning electron microscopy (SEM)

of drought - induced damage of peanut tissue .

Major

findings include: (1) improved SEM imaging through
reduction of charging by increasing coating thickness
from 25 nm to 30 nm; (2) improved stain affinity for
LM tissue preparations by decreasing osmium tetrox ide fixation time from 2 hours to 1 hour; and (3) im proved tissue fixation for LM and SE M by application
of a modified Karnovsky fixative (glutaraldehyde /
formaldehyde combination) which proved more successful than glutaraldehyde alone for tissue
preservation.

Materials and Methods
Initial paper received August 14, 1989
Manuscript received October 3, 1989
Direct inquiries to C. T. Young
Telephone number: 919 737 2964

Cotyledons of resting peanut (Arachis hypogaea
L. cv. Florunner) seed were examined with a dissecting microscope for physical structural characteristics. They were divided into two groups: (1) cotyledons with normal physical characteristics; and (2)
cotyledons with drought-induced tissue damage.
Tissue blocks (1 'mm3) of both groups were most
suitably fixed in a modified Karnovsky's fixative
(Karnovsky, 1965). This modified fixative was prepared by mixing 25 mL of 8% formaldehyde, 3.6 mL
of 70% glutaraldehyde, and 28.6 mL of 0.2 M sodium
phosphate buffer (hereafter referred to as buffer).
The pH of the mixture was adjusted to 7 .0 . Tissue
blocks were fixed under vacuum for 30 minutes at
room temperature to promote initial infiltration and
then fixed (not under vacuum) for 48 hours at 4°C.
Following a 24 hours wash in 6 changes of 0 . 1 M
buffer (4°C, pH 7.0), the material was post-fixed for
1 hour in 1% osmium tetroxide in 0.1 M buffer at
4°C .
After post - fixation, material for LM was
washed for 30 minutes in 0 . 1 M buffer (4°C, pH 7 .0),
dehydrated in a graded series of aqueous ethanol (10,
25, 50, 75, 95) to 100% ethanol, and embedded in

Key Words:
Light microscopy, scanning electron
microscopy, fixation, peanuts, Arachis hypogaea.
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Spurr's low viscosity medium (Spurr 1969). Sections
were cut on a Reichert ultramicrotome and stained
differentially with 1% ac id fuchsin and toluidine blue
(Feder and O'Brien, 1968) . Identically fixed ti ssues
for SEM were dehydrated in an identical series of
aqueous ethanol followed by a graded series of etha nol - amyl acetate (10, 25 , 50, 75, 95, and 100% amyl
acetate) . Carbon dioxide was used as the transition al fluid in a Ladd Critical Point Dryer (Ladd Research Industries , Burlington, VT). After critical
point drying, the specimens were mounted on alumi num s tubs with aluminum tape. Two groups of tissue
blocks for SEM were then coated with a gold-palla dium a lloy of 25 nm and 30 nm respectively in a
Technics Hummer V sputter coater fitted with a
Technics digital thickness monitor (Technics,
Alexandria, VA). Samples were observed and photo graphed at 20 keV with an ETEC Autoscan Micro scope (ETEC Corp., Hayw ard, CA) .
The specific changes in our present method
from our previous preparations and the reasons for
those changes were:
(1) use of a modified Karnovsky's fixative
rather than 4% glutaraldehyde to allow the
formaldehyde component to penetrate faster than the
glutaraldehyde component and temporarily stabilize
strnctures which were subs equently more permanently
stabilized by the glutaraldehyde;
(2) initial fixation under vacuum rather than
at atmospheric pressure to achieve a more thorough
and uniform fixation;
(3) post - fixation in 1% osmium tetroxide for 1
hour rather that 2 hours to a llow less blackening of
the tissue and enhance stain affinity for LM
preparations;
(4) use of a Technics Hummer V Sputter Coat er fitted with a Technics Digital Thickness Monitor
to measure the thickness of coating that best re duced the charging of the specimen when examined
with the SEM .

Excessive black en ing of tissue prevented us from
evaluating the depth of damaged tissue because our
LM staining procedures for undamaged tissue were
ineffective. By reducing the length for post - fixation
in 1% osmium tetroxide from 2 hours to 1 hour, we
were able to use the LM stains of 1% ar!id fuchsin
and toluidine blue more effectively since the black ening of undamaged tissue was lessened. By using
the phase contrast optics on the light microscope, we
observed that the fixation of the cytoplasmic net work had been effectively accomplished during the
decreased post - fixation period. The cytoplasmic network has a net-like appearance as a result of the oil
being removed from the lipid bodies by alcohol dehy dration and leaving spaces in the cytoplasm (Fig . 5).
Fixation
~le initial use of a 4% glutaraldehyde fixative
in 0.05 M sodium cacodylat e (pH 7 .0) for peanut tissue with drought-induced damage was adequate, we
felt that better integrity of the cytoplasmic network
in undamaged cells could be attained. This would
more readily enable us to distinguish damaged cells
from undamaged cells, as preservation of the cy to plasmic network is lost in severely damaged cells .
Horisberger and Vonlanthen (1980) achieved
exce llent fixation of soybean seed using a mixture of
glutaraldehyde and formaldehyde in 0.1 M phosphate
buffer (a modified Karnovsky's fixative) and a post fixation in 1% osmium tetroxide. We have made our
own modifica tions of a mixture of glutaraldehyde and
formaldehyde followed by a post - fixation in 1% osmi um tetroxide that most effectively achieves fixation
of resting peanut seed tissue . Our fixative modi fications proved to be excellent for observing the
cytoplasmic network both with phase contrast LM
(Fig. 5) and SEM (Fig. 6).

Figures 1 and 2. Scanning electron micrographs of
undamaged (Fig. 1) and drought-induced damage of
(Fig. 2) resting peanut seed epidermal tissue coated
with 25 nm thick gold - palladium coating . Note the
absence (in Fig . 1), and the prese nce (in F i g . 2,
arrows) of charging defects (which obscure surface
details). Bar = 20 micrometers.

Results and Discussion
Scanning Electron Microscopy
Our SEM work of restmg peanut seed tissue
with drought - indu ced damage was initially hindered
by problems with excessive charging of the specimen.
By using the digital thickness monitor to measure the
thickness of the gold - palladium coating applied to
the specimen by the sputter coater, we were able to
determine that the charging problem of the tissue
with drought-induced damage was a result of the
gold-palladium coating being too thin.
SEM of undamaged resting peanut seed epidermal tissue could be accomplished without charg ing
artifacts when the gold-palladium coating was 25 nm
thick (Fig. 1). Tissue with drought - induced damage,
however, would charge when coated with 25 nm
thickness (Fig. 2). By increasing the thickness of
the gold-palladium coating by 20% (from 25 nm to 30
nm), we were able to minimize charging (Fig. 3).
The charg ing problem was most likely the result of
increased roughness in the surface of the samples
(compare Figures 1 and 2).
Light Microscopy
LM tissue preparation using 1% osmium tetroxide for 2 hours were initially hindered by excessive
blackening not only of damaged cells, but of the undamaged cells beneath the damaged cells (Fig. 4).

Figure 3. Scanning electron micrograph of drought induced damage of resting peanut seed epidermal
tissue coated with 30 nm thick gold - palladium
coating. Bar = 10 micrometers.
Figure 4 . Phase contrast light micrograph of peanut
tissue with drought-induced damage. The cellular
organization of the damaged tissue is disrupted
(arrows). Bar = 20 micrometers .
Figure 5. Phase contrast light micrograph of undamaged peanut tissue. Note the fixation of cytoplasmic
network (c), protein bodies (p), and starch grains
(st). The cytoplasmic network has a net-like appearance as a result of oil being removed from the lipid
bodies by alcohol dehydration and leaving spaces in
the cytoplasm. Bar = 20 micrometers.
Figure 6 . Scanning electron micrograph of undamag ed peanut cell.
Note the integrity of cytoplasmic
network (arrows) at high magnification.
Bar = 1
micrometer.
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Discussion with Reviewers

Paper number 11733 of the Journal Series of the
North Carolina Agricultural Research Service,
Raleigh. The use of trade names in this publication
rloes not imply endoT"sement hy the No'T'th CaT'olina
Agricultural Research Service of the products named,
nor criticism of similar ones not mentioned.

R. Taber: Would the authors distinguish between a
restmg peanut seed, a dormant seed, and a quiescent
seed?
Authors: Resting seed, doT'msmt seerl, Anrl quiescent
seed are all synonymous terms.
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R. Taber: Do the authors prefer LM examination of
th1ck sections of peanut seed that have been embedded for transmission electron microscopy over the
traditional paraffin sections? If so, what additional
information is gained.
Authors: We prefer plastic -embedded sections over
parafhn embedded sections because plastic embedded
sections can be stained and examined without the
removal of the plastic embedding medium. Paraffin embedded sections require the removal of paraffin
before staining .
Our experience has been that
cellular components may be lost during staining
procedures which require prolonged rinsing of
deparaffinized sectioned tissue.
R. Taber:
Would it be difficult to use a freezefracture technique and cold stage to view damaged
kernels? Would you expect this technique to provide
the information desired?
Authors: The technique you mention should provide
mformation about damage to lipid bodies because it
would enable the lipid bodies to be examined without
extracting the oil within the lipid bodies.
R. Taber: What is the advantage of using the digital
thlCkness monitor over simply performing sequential
coatings for routine examination?
Authors: The digital thickness monitor enables an
mveshgator to reproduce an optimum coating thick nes s with reliability. Our experience has been that
sequential coatings are time-consuming and may
result in a lack of uniformity of coating thickness
among different samples .
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OBSERVATION OF SEE DING EFFECTS ON FAT BLOOM OF DARK CHOCOLATE

l . Hachiya 1 , T.Koyano 1 • K . S;~to 2
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i ji Seika Kaisha Ltd., Chi yoda , Sokado , 350-02, Japan

2Fac ult y of flppliC'd Blo.l ogical Science
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lntroduct ion
Surfoct• microstructures and polymorphi911 of se<'dC'd
dark chocolate were obsen·ed with cryo-SEM, to clarH)·
the effects of seeding on fat bloom stability of d;lrk
choco1ate. Two therm::1l tests, cycling bebo•een 32 and 20
C (32/20) and 'l8 ru•l 20 C (38/20), were applied Lo examine ttx· fat bloc:m stab1 h t\' of the chocolate. We used
three crystall inC' powders: Form VI of cocoa butter; ttl!>
most stublt.•
[ann of $00, (1,3-distearoyl-2-oleoylgl~·
cerol): und the second st.nblc B2 form of OC>l3 (1 , 3-dibehenoyl-2-olcoylgJyccrol) as seed materials.
Sel'<ling
wi t.h cocoa but.t.C'r (Forni VI) and SOS (6 1 ) at. concentnltions of 0 . 5 '\. 1 wL.% showed good fat blLK1m stnbi liLy in
the 32/20 t.esl. J n t.hc· case o[ the 38/20 Lest., however,
[at bloa11 W't.'IS not prevented.
Seeding wi Lh 0013 ((32) gnve
the best fol bloom ~tt~bility in OOth thermo-cyt:lcs ; 111
particular, ') wL.%. 008 (8 2 ) canpletel y prcvent.C'd fat
bloom after the 38/20 tc~t.

a,

Initial paper received April 3, 1989
Manuscl'ipt received October 17, 1989
Direc t inquiries to I. Hac hiya
Telephone numb e r: 81 492 845427

KEY I,()RDS: Cryo-scanning electron microscopy, seed1.ng
effect:'"fat bloom, dark chocolate, polyroorphism, cocoa
butter, surface microstructure, I ,3--dibehenoyl, 2-oleo}·Iglyccrol.

ln chocolate production, prc-crystallizalion influences VlSCOSlty. derrolding, and qualities of the final
product su:h as gloss, snap, heat resistance. fat bloom
resistance and so on (5,6,14, 16).
The tempering prcr
cess, necessary to stabilize the cocoo butter crystals,
involves well-controlled cooling/heating/cooling (5.18).
ln comparison ~o'ith tempering, ~ing is simpler and
more convenjent since cocoa butter crystallization is
caused by adding seed crystal pcl\o'dcrs ~o•hi le simply cooling the molten chocolate .
The sc<.'Ciing method, however,
ht~s not been used for two major reasons .
First, crystals having snell di~n sions were di fficull lO produce
lln the factory scale .
Second , deLo i Is of the seed ing
concli Lions have not been examined, although some atLC'rnpts have been made to clarify the solidi! icati.on
kinetics of tempering (1 , 3, 7-9 , 13)
We have recently stud i ed seeding cff(.'('tS on dlc
SQlidification of cocoa buLLPr and dark chocolate, aiming to use the seeding technique in ftK'tory-scate chocolat" production . In previous reports, we developed a
lll('thod to mass prodoce seed crystals of snntl ditoc"nsi.ons
uswg d cryo-uull at -50"- 100 C with liqu1d nitrogen
(10). 'The crystallization kinetics of cocon butler were
ITIC'nsurcd 1n relation to the concentration and pol}'1n0rphi911 of V'drious seed crystals (12).
\ok> rclntcd the
physical properties of seeded dark chocolate to dcmoldi ng and anU -blocm phenomena, showi 11g Lhat seed materials of thermodynamically stable poJymorphs of St-0-St
Ly]X' t.riacylglycerols (St==saturatcd acyl chain) hove the
most favora bl_c physical properties.
rn this paper, we carefully observed the effects of
seeding on the fat bloon stability of dark chocolate .
We used three seed materjals, cocoa butter (Form Vl),
505(6 1 ) and BOB (8 2 ) in ~o•hich S , 0. and B stand for
stcaroyl, oteoyl abd behenoyl acyl d.:uns , respectHely,
since these three accelerated the crystatlizauon of
cocoa butter DDSt effectively.

lhc three types of crystal were pulvertud with e
cryo-mill a t - 50 '\. - 100 C using liquid nitrogen . The
dimensjons ranged fr om 20 to 70 urn as measured ~o•ith
crycrscanning electron microscopy (crycrSEM) at - 100 "- 130 C. The desired polymorphic forms of the above fat
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materials were prepared by the rrethod of Wang et al.
(23) . The polyroorphisn of the fats was determined by
lllC at a scanning rate of 10 C/min, and X-ray dif(roction (XRD). 1be purity of the fat materials were analyzed with high-performance liquid chromatography
( HPl.C). Major triacylglyccrols invovled in cocoa butter
employed were RlP (15 .8 %) , RS (32 . 7 %) , in •llich P
stands for palmitoyl acyl chain , and sa; (22.5 %) . The
purity of the seed crystals was 78 . 7 % (SOS) and 72.5 %
(BOB ) . SOS o nd BOB we r e of indu st ri al pur j ty . The
me l ting points of t he seed crystal JX>Wders , defined as
temperat ures at the peak of DSC mel ting, were cocoa
but Ler (Form VI) 34 .0 C, ~ (8 1 ) 42 .0 C and 006 (82)
51. 4 C. Dark chocolate was manufactured by the following formulation : chocolate li.quor 33.00 wt . %, sugar
41 .65 wt .%, cocoa butter 24 .85 wt .% and soya lecithin

0.50 wt.%.
We examined the fat blocm stability o( seed-solidified dark chocolate by the following methods. the molten dark chocolate , 60 C, 2~ g ~o>eight , was cooled to 30
C within 10 minutes with agitation (194 qxn) in a rotational visccmeter (11).
Seed crystals were added at
different concentrations with respect to the cocoa
butter content of dark chocolate (43 wt .%) , at the titre
when the temperature of dark chocolate reached .)) C.
Seed concentration ranged fran 0 . 0 1 to 5 wt..%. After
seeding , t he dark chocol ate was agitated for 5 minutes
at .)) C i n order to hanogeneously
disperse the seed
c r ystals in t he rool t en chocola te . Thereafter, 4 g of
the seeded dark c hocolate was put in a mold (10 m x 20
nm x 3 . 5 rrm) mad(' of ('l·hylPnP chloridP resin (thickness
of 0.5 rrm) . The dark chocolate in the mold was i.rrrrediately cooled to 15 C and solidifled for 15 minutes in
::1. cooling box .
After cooling, the 1110lded sanples ~o-ere
aged by storing at 20 C for one ~o'eek .
After ag.ing , thermo-cycle tests were carried out
using a thermostated chamber. 1ne cycle involves heating at 32 or 38 C for 12 hours and cooling at 20 C for
12 hours , referred to us 32/20 or 38/20, respectively.
During the thermo-cycle test, ~o-e observed changes in the
appearance of the S..'lJilples, both on the surface and inl~
rior, using an optical microscope and cryo-SEM (-100 '\.I)) C) . Polyrorph.ic modification of the seed-solidified
chocolete ~o-as rrcasured with XRD and DSC at a scanning
rate of 5 C/min, dur.lng the thermo-cycle test. Prior to
the XRD study , suga r in t he sample was dissolved by t he
method of Giddey and Cle rc ( 9 ) : the swnple was sliced
with a knHe i nto powder below 8 mesh size, and put in
120 ml of water (7 '\. 10 C) to dissolve the sugar .

cycles .
At 0 .01 wt .%, fat bloom stability decreased
slightly . Similarly , the high-concentratLon seeding of
2.5 and 5 wt .% lowered stability against fat bloom. In
the case of the 5 wt.% seeding , fat bloon occurred after
one cvcle . In contrast, secdJng wilh OOB (~}. Fig.3.
improved (at bloom stability with increasing seed concentration . No fat bloom was observed after 6 cycles,
when the seed concentration exceeded t wt .%.
figure 4 s ho...,.s cryo-SE1-1 photog r aphs of Lhe Sllrface
microst r ucture of a non- bloomed sampl e \olilh 0 . 5 wt. % of
SOS (13 1) seed taken prior to the thermo-cycle test (normal sample) , bl()OOlCd samp le seeded with 5 wt .% of cocoa
butLer (Fonn VI) and SO$ (8 1) after 6 cycles , and a nonbl<XlllX'!d sample seeded with 5 wt.% 008 (~) after 6 cycles.
'IOe normal sample showed a very snooth surface
even at high rragnificalion (Fig.4a). The bloomed samples, hO\ro·ever, shO\ro'ed rough surfaces (Fig . 4b and c) . In
the case of the non-blocmed sample seeded with 5 wt . %
OOB (82), Fig. 4d . a srrooth surface was observed , although it was slightly rougher t.han the normal untreated
sample (Fig . 4a) .
10e polymorphic conversion (rem Fonn V to Form VI
was observed during this 32/20 cycle test. 1ne polymorphs of the sanple seeded with cocoo buller (Form VI)
and 505 (8 1) were both Fonn Vi, whereas Forms V and VI
al similar concentrations were confi rrrK!d in the chocol aLe seeded with 5 wt.% OOB (8 2 ) .
Legends for figures on the next page .

£:!.&...!..

Photographs showing dark chocolate , seeded with
powder crystals of cocoo buller (Form VI) at seven concentrations, during the 32/20 thermo-cycle tests up to 6
times (see text) .

£'!&..:1.

Photographs showing dark chocolate, seeded with
powder crystals of SOS (13 1) at seven concentrations,
during the 32/'lfJ thermo-cycle tests up to 6 limes .

£.!..&.:1

Photographs showing dark chocolate, seeded with
po~o-der crystals of 008 (~) at seven concentrations,
during the 32/20 thenro-cycle tests up to 6 ti..rres .

~

Cryo-SEJol photo-micrographs showing t he surface
microst r uctur es of dark c hocolate after 6 cycles of t he
32/20 t est : (a) non-treated S(lmp Jc; (b) bloomed sample
seeded w)th 5 wt. % cocoo butter (Form Vl) ; (c) blOOmed
sample seeded with 5 wt.% SO$ (6 1 ) ; and (d) bloomed
sanple seeded with 5 wt .% 008 (8 2 )(Scale bar•2C crn) .

.E!&..:2.
32/20 Thermo-cycle

Photographs showing dark chocolate, seeded with
cocoa butter (Form VI) , SUS (6 1 ) and OOB (8 2 ), after one
cycle of the 38/20 test.

~

Figures 1, 2,3 show the surf ace appearance of the
seeded dark chocolate after the 32/20 test , in which the
fot bloom b revealed in \oilite-color areas. Cocoa butter (Form VI) , Fig . I, and SUS (6 1) , Fig . 2 , showed similar t r ends with increasing nliJiber of cycles and seed
concentration; fat bloom was prevented in the range of
the seed concentration fn;:rn 0 .05 to 1 wt.% and bcl01o· 4

..E!.&.&

Cryo-SEl-1 photo-mic r ographs showing the surface
microstructures of dark chocolate after one cycle of
38/20 test: (a) bloomed sanple seeded with S.wt . % cocoa
buller (Form VI); (b) bloomed sample seeded with 5 wt.%
SUS (6 1) : and (c) bloaned sample seeded with 5 wt . % OOB
(62) (Scale bar=2C Lm) .
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38/20 Thermo-Cycle Test
Figure 5 shows photographs of seeded dark chocolate
after the 38/20 test.
Significant fat bloan occurred
in all Sc:'"mplcs seeded \o'ilh cocoa butter (Form Vl) and
S0S (6 1) after one cycle . ln the seedinR of OOB (6 2 ),
however, high seed concentration improved fat bloom
stability .
ln particular , a seed concentration of 5
wt.% OOB ((3 2) complete l y prevented fat bloon after one
cycle .
As to the 38/20 Lest , a white network was formed on
the bloomed rough surface . The interior of the bloomed
da rk chocolate changed into a very roogh structure .l ook
1 ike closely packed small spheres, .,., hose sizes ranged
fran 0 .3 to 1. 5 mn. F'igure 6 shows cryo-SEM photographs
of the surface microstroctures of bloaned samples seeded
with 5 wt.% of cocoa butter (form VI) and SOS (8 1 ), and
a non-bloaned sample seeded with 5 wt .% OOB (llz). a(tcr
one cycle. NW'Erous needle-like crystals were formed on
the surface of the bloaned samples (Fig . 6a and b).
ln
contrast , the non-bloomed sample in fig.6c, seeded with
OOB (6 2 ), reveals a soooth surface ...nich is almost Lhc
sane as tOOt of the non-bloaned surface in Fig.4d. As
to polyrorphism, all bloaned and non-bloomed samples
wer e Fonn V.

1l1e tocreasing concentration of the two seed crystals,
cocoo butler (Form VI) and S(l) (B 1 ), r.ay not interrupt
the stable grain growth of F'onn Vl . Hence. the excess
seed crystals accelerated the growth of the large grains
of Form VI. This may be justified by the foct that Form
VI of cocoa butter and B1 of sa) arc same ....ri th respect
to chain length structure and subcell J:OCking (19, 21 ,

23).

In the case of the 38/20 tes t, fat bloom may form
by the &-une mechanism as that in non- tempered c hocolate
(16) . There is the pJssibiliLy that thermal unstable
scod c rystals completely melt or dissolve in the molten
c hocolate , due to high temperature (38 C) and long
treatment (12 hours) ; this might occur i11 the seed crystals of SC5 Ca 1) and cocoa butter (Form VI). When the
ccmpletely roolten dark chocolate was subsequently cooled
to 20 C, it solidified in the scvre manner as non-seeded
crystallization, lo--hich readily causes bl0001-related
growth of Form V by uansfonnalioo fran the first crystallized, metastable forms of cocoa butter, preswnably
Form ill and IV (2 , 4,22 , 24).
There is a trend that,
....ri Lh increasing rate of crystallization, Jess stable
forms of triacylglycerols
crystallized ITOrc readily
thc'"Ul more stable forms (20) .
This is the reason ...tay
only Form V was detected in the bloancd sampl es after
the 38/20 test.
As to 0013 (6 2 ), the seed c rystals do
not melL at 38 C for 12 hours , si nce the melting point
ls reasonably high . Hence, the rcmai.n:ing 0013 (8 2 ) c rysta l s i.nduce s table crystalli7,ati.on of Form V without
causing the formation of other metastable forms .

Mechanism £f. F"at Bloom
ln Tab1c 1, we sunma rize the features of fat bloom
[on~tion through the above Lwo thermal treatments .
lt
appears that Lhe nechanisms of fat bloom formation differ between 32/20 a nd 38/20 tests . The dH(erence m.-1y
he relntf'd 10 whethf'r or not the thPrmal ('y(' lf' gof'!=l
above t he me lt ing point of cocoa butter 34 (C).
HowTabl<> I

.

fat Bloan Fonmtion in Dark Olocolatr

008 (S 2 ) seed crystal exhibited the most favo rable
solidification behavior, wit.h no fat bloan even after
the '38/20 thermal trea~nt. \.' assume that 008 (S 2 ) is
the most suitable seed crystal for chocolate production,
since it also accelerates tlr crysta l! ization rate of
dark chocolate. Studies to determine optirral conditions
wi 11 be needed to apply the seeding rrcthod to industrial
chocolate production .

Thermal test

32/20

38/20

RalC

slow

Appearancc

white

white color network

Internal
st ructure

no significant
change

small particle
aggregation

Polymorphism

VJ

»

rapid
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Introduction

Nuflas, popping beans (Phaseo/us vulgaris L.), burst

Nuiias are a type of common bean (Phaseolus vulgaris L.) which burst and expand during rapid heating {Hyland,
1968; Z imm erer, 1985; National Research Council, 1989).
Popping beans have been and still are grown and consumed
almost exclusively at high elevations in the Andes of Peru and
Bolivia. In traditional Andean cooking, nuiias are roasted in
sand or oil (Zimmerer, 1985, t 987). Nui1as can also be
popped in hot air or microwave ovens (National Research
Council, 1989; van Beem and Spaeth, I 989). The advantage
of nuiias over conventional (non-popping) bean genotypes is
a shorter cooking time. This difference is especially important
at fuel-scarce high elevations. Popping of nuiias requires less
than 5 min, while cooking of beans in boi ling water may
require more than an hour for cotyledons to become soft.
Nuilas do not require additional cooking after popping.
While nui1asare an ancient crop (Zimmerer, 1987;
National Research Council, 1989), they are relatively
unknown outside of the Andean Region and have received
little scientific study. The mechanism of popping and sites
which contribute to vo lumetric expansion during popping of
nuflas are unknown. In contrast, the mechanism and sites
which contribute to expans ion of popcorn have been studied
(Hoseney et al., 1983). The expansion of popped tissue relative to unpopped tissue is substantially greater for popcorn
(Hoseney et al. l 983) than the doubling of volume observed
for nui1as (van Beem and Spaeth, 1989). In popcorn, the
starch granules (grains) expand and contribute substantially to
bulk expansion of the popped tissue (Hoseney et al., 1983).
Large numbers of small fractures in popped com endosperm
also contribute to volumetric expansion (Hoseney et al.,
1983). While the microstructure of conventional common
bean cultivars has been studied (Varriano-Marston and
Jackson, 1981; Swanson ct al., 1985; Hughes and Swanson,
1985; Spaeth, l987a,l989), no infonnation on the microstructure of nuilas was found in the literature.
Characteris tics which allow nuiias to pop are also
unknown. Zimmerer ( 1985) suggested that differences in
density between nui1as and conventional beans might be
partially responsible for popping. A Nat ional Research
Counci l report ( 1989) derived from an informal survey of
researchers familiar wi th nui1asindicated that the quality or
quantity of starch in nuflas may differ from convent ional nonpopping beans and be responsible for expansion of nuiias
during popping.
The mechanism of popping is of interest for analysis
of popping and because characteristics which penn it popping
may also influence physiological processes in seeds during
maturation, storage, imbibition and genninat ion. Scanning
electron microscopy (SEM) is an excellent tool for examining

and expand when heated rapidly. Differences in seed microstructure between popping and conventional {non-popping)
bean genotypes conceivably contribute to popping in nuiias
However, the microstructural characteristics which contribute
to the popping attribute and sites of expansion have not been
identified. Seeds and excised cotyledons of unpopped and
popped nuiias were examined using scanning electron microscopy (SEM). Protoplasts of unpopped nui1as were sim ilar
to protoplasts of conventional beans. Jntercellular spaces of
unpopped nuiias were occluded by schizogenous cell walls.
The occluded form of intercellular spaces differed distinctively
from the open form in popped nuiias and untreated conventional beans. The expansion of coty ledon mesophyll in
popped nuiJas came primarily from expansion of cell walls
and secondarily by expansion of the intercellular spaces. Cell
wall thickness and dimensions of protoplasts were not
changed during popping. Expansion of cell walls away from
protoplasts created intmcellular voids. SEM images indicated
that starch granules (grains) in popped nuiias were generally
not altered by popping. Starch gmnules did not gelatinize or
melt during popping as indicated by retention of birefringence.
In contrast to popcorn (Zca mays L.), starch granules did not
contribute to expansion of popped nuiia cotyledons.
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structuml characteristics which may contribute to popping of
nuiias and sites of expansion.
The objective of this research was to observe tissue
and cellular structure of nufia seeds before and after popping.
Nufia microstructure was compared with published descriptions of popcorn microstructure (Hoseney et al. , 1983) to
identify features which may allow nufiasto burst and expand.
SEM was used to examine starch gmnules, protein bodies,
protoplasm, cell walls and intercellular spaces of unpopped
and popped cotyledons of Nufla Pava and unpopped cotyledons of five addi tional nufiaculti vars and three conventional
non-popping bean cu ltivars.
Materials and Methods
Sources of the beans (Phaseo/us vulgaris L.) examined in this study are given in Table I. Nufias were fieldgrown in the highlands of Peru where cultural practices and
environmental conditions are conducive to production of
nufias which pop well. Nuiias were held at ambient temperature and relative humidity before popping and preparation for
SEM. Nuiias and conventional beans had water contents of
0.05 to 0.06 g H,O/g seed (dry wt. basis) before popping.
Seeds were dried in an oven for 24 hat IOOoc for determination of water content.
Individual beans were popped by heating for 2.5 to 4
min at full power in a 1600 watt , 2450 MHz Kenmore microwave oven (Sears Roebuck and Co.).J Beans were observed
visually during heating and removed from the oven after
comple te expansion. Microwave preparation of beans for
SEM avoided contamination with oil (Hoseney et al., 19 83).
Microwave preparation also minimized artifacts caused by
agitation or redistribution of material by air currents during
hot-air popping.
Beans studied with SEM were mature air-dry or
popped oven-dry tissues, therefore, fixation, freeze fracture,
and critical-point drying were not required (Spaeth, 198 7a).
Cotyledons were fractured by hand using single-edge mzor
blades. Beans were sputter coated with gold and observed
a nd photogmphed at 20 kV on an Hitachi S-5 70 Scanning
Electron Microscope.
Birefringence of starch granules was examined using a
Zeiss Photomicroscope I I.
Cotyledons from six Nufla Pava seeds and two see ds
each of the fiv e remaining nuiia and three conventional cultivars were examined.

.Ei&.:_l. Popped nuiia with cracked cotyledons (C), testa (T)

and hilum (H). Bar= 10 mm.
Table I. Sources of beans.
Cultivar Name

Cou ntry, Province

Biological
Status

Nufla Pava
Nuila Parcoyana
Nufla Huevo de Huanchaco
Nufla Mani Roja
Nufla Cuzco Cafe
Nuila Cuzco Blanco
Cali rna
Libotino Redondo
Bolon Blanco

Peru, Cajamarca
Peru, Cajamarca
Peru, Cajamarca
Peru, Cajamarca
Peru, Cuzco
Peru , Cuzco
Colombia, Valle
Colombia, Nariflo
Colombia , Nariflo

Land race
Land race
Land race
Land race
Land race
Land race
Bred line
Land race
Land race

from large, easily visi ble cracks to small checks. The large
crac ks were generally transverse with respect to the long axis
of the bean (Fig. 1). The epidermis near the large cracks
exhibited many small checks roughly parallel to the larger
cracks (Fig. 2a). Outside this region, the epidermis was not
checked. The mesophyll tissue fractured through cell walls
rather than separating between cells at the middle lamella (Fig.
2b). Protoplasts adhered to the fracture cell walls or were
pulled away and left empty cell walls. Fractures also pulled
vascular bundles apart.
Cotyledon tissue of unpopped nuiias fractured through
protoplasts of mesophyll cells (Fig. 3a). Cell walls surrounded protoplasts that co ntained starch granules, protein bodies

The cotyledons of nuiias heated in a microwave oven
not only burst the testa and expanded, but also cracked so that
the shape of beans was altered as a result of the heating treatment (Fig. I). The expansion of microwave popped mesophyll excluding the large cracks was similar to that observed
for nuiias heated in oil or hot air (van Beem and Spaeth,
1989).
The cracks in microwave popped cotyledons ranged

-

.E.i&..l. Nuii.a Pava cotyledon which fractured during heating in the microwave oven. Low magnification (2a) with larger cracks (C)
extending into cotyledon mesophyll, the epidennal surface (E), and surface checks (SC) in the epidem1is. Bar= I mm. Detail of
large crack (2b) with protoplasts (P), empty cell walls (W) and a fractured vascular bundle (VB). Bar= 100 ~m .
.EigJ. Fracture surfaces of Nuii.a Pava cotyledons (fractured for SEM, not a result of popping). Unpopped (3a) with cell walls
(W), interior of contact cell wall (ICW), starch granules (SG), large concavities (LC), protein bodies (arrow) , and intercellular spaces
(IS). Popped (3b) with exterior of protoplast (EP), contact cell wall (CW), schizogenous cell wall (SW), voids (V) between the
protoplast and cell walls, intercellular spaces (IS), and projections (Pj) from the surfaces of protoplasts. Bar= 50 ~m .
.E..i.&,.A. Transverse fractures through intercellular spaces (IS) of nuiiacotyledons. Unpopped Nuiia Parcoyana (4a) with exterior of
protoplast (EP), schizogenous cell wall (SW), contact cell wall (CW) and vertices of the intercellular spaces (arrows). Popped Nuiia
Pava (4b) with interior surfaces of empty cell walls (ICW) and circular depressions (arrows) in contact cell walls. Bar"" 10 Jlffi.
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times evident as bumps beneath the surfaces of protoplasts
(Fig. 7a). Size and shape of most starch granules beneath the
surface of protoplasts fell within the range of sizes and shapes
of starch granules in unpopped nuiias (Fig. 7a,b). We
observed only one starch grain in the beans studied with SEM
that changed markedly during popping (Fig. 7b). The outside
diameter of the altered starch granule was larger than the
diameters of other starch granules in popped or unpopped
nuiias. A hole in the surface of the altered starch grain
revealed an internal cavity.
The failure of the popping process to alter the external
appearance of starch granules prompted an examination of
birefringence of starch granules in unpopped and popped
nurJas. Starch granules in popped nuiias exhibited birefringence patterns similar to birefringence patterns of starch
granules from unpopped nuiias and conventional beans.

and protoplasm. Cotyledons of unpopped nuiias exhibited
only a small volume of intracellular voids. Large concave
depressions in the fracture surfaces of protoplasts (Fig. 3a)
were left by starch granules in the complementary fracture
surface. Intercellular spaces were small.
Cotyledon tissue of popped nuiiaswas fractured
through cell walls but was not fractured through protoplasts
(Fig. 3b). During popping, cell walls expanded, separated
from protoplasts, and created intracellular voids. The thicknesses of cell walls were not changed. The separation of
walls from protoplasts exposed the exterior surfaces of
protoplasts and interior surfaces of cell walls. Popped tissue
contained many more voids than unpopped tissue. The largest
voids opened between the surfaces of protoplasts and the
interiors of cell walls. The distances between the exterior surfaces of protoplasts and interior surfaces of cell walls differed
within and among cells but the maximum separation ranged
from 10 to 20 JJffi.
The second contribution to expansion in popped tissue
came from the opening of intercellular spaces (Fig. 3b) .
Schizogenous cell walls occluded intercellular spaces in
unpopped nuiias (Fig. 4a). Schizogenous walls are the parts
of cell walls which separate during seed growth and development, and surround intercellular spaces in mature seeds
(Koll6ffc1 and Linssen, 1984, Spaeth, 1989). In contrast,
schizogenous cell walls did not occlude intercellular spaces in
popped nuflas (Fig. 4b). Longitudinal sections through intercellular spaces ofunpopped nuiiasshow that the spaces were
occluded along much of the length of the spaces (Fig. 5a).
Bent or folded segments of schizogenous wall filled the lumens of intercellular spaces. Longitudinal sections through
intercellular spaces of popped nuiias show that the spaces
were open from end to end (Fig. 5b).
The open, continuous network of intercellular spaces
in popped nuiias (Fig. 5b) was also observed in untreated
conventional cotyledons (Fig. 5c). Intercellular spaces in
unpopped cotyledons of the additional five nuiia cultivars
exhibited the occluded fonn of intercellular spaces while the
three conventional (non-popping) cultivars exhibited the open
fonn as observed in popped nuiias. The epidermal layer of
unpopped nuiias had fewer voids than the mesophyll tissue of
unpopped nwlas (Fig. 6).
While occasional intercellular spaces in mesophyll of
nuiiasremained closed or partially closed after popping (Fig.
7a), most intercellular spaces in popped tissue formed an
interconnecting network of open spaces. Cracks intennediate
in size between macroscopic cracks (Figs. I ,2) and intracellular voids (Figs. 3b,5b, 7) were not observed in popped Nuiia
Pava other than the checks in the epidermis (Fig. 2a).
Protein bodies were not distinguishable from protoplasm in popped nuiias(Fig. 7a). Numerous projections were
observed on the surfaces of protoplasts in popped Nufia Pava.
Depressions in the interior surfaces of contact cell walls (Figs.
4b, 7a) corresponded to the sites where the projections were
observed on the surfaces of protoplasts.
Starch granules were not directly visible in popped
nuiias, because cells of popped beans did not fracture through
protoplasts. Starch granules in popped nuiias were some-

Discussion
The volumes of intracellular and extracellular voids in
cotyledon mesophyll and epidermis ofunpopped nuiiaswere
small. The major difference between unpopped nuiias(Figs.
3a,4a,5a,6) and conventional beans (Fig. 5c; Spaeth, 1989)
was the smaller volume of intercellular spaces in nuiias due to
occlusion of the spaces by schizogenous cell walls. The relative absence of voids in nuiia cotyledons was similar to the
absence of voids in vitreous endosperm of unpopped com
(Hoseney eta!. , 1983).
Popping in com requires steam pressure which builds
in the kernel during heating (Hoseney et al., 1983). The
occlusion of intercellular spaces in unpopped nuiias (Figs.
3a,4a,5a,6) may contribute to popping of nutlasby increasing
the resistance to flow of steam out of cotyledons, or by
absence of space into which steam may expand. Intercellular
spaces in popped nutillS(Figs. 3b,4b,5b) were more similar to
the open, continuous network of intercellular spaces observed
in conventional cultivars (Fig. 5c; Hughes and Swanson,
1985; Spaeth, 1987b, 1989) than they were to the intercellular
spaces ofunpopped nuiias. The open network of intercellular
spaces of popped nuna cotyledons may be pathways for
escape of steam under pressure. The observation that some
intercellular spaces were still occluded after popping (Fig. 7a)
indicated that occluded intercellular spaces were present before
popping. Cell walls may also constitute barriers to flow of
steam during rapid expansion. Resistance to steam flow by
occluded intercellular spaces in nuiias is a plausible mechanism of popping. Tests of the resistance hypothesis will re quire nuiias and conventional beans produced in one location
at one time.
Protoplasts of unpopped nuiias(Figs. 3a,6) were
similar to protoplasts of conventional non-popping beans
(Fig. 5c; Varriano-Marston and Jackson, 1981; Hughes and
Swanson, 1985; Spaeth, 1989). The appearance of nufla
protoplasts was altered by popping as the appearance of conventional bean protoplasts is during imbibition (VarrianoMarston and Jackson, 1981; Hughes and Swanson, 1985;
Spaeth, 1989). Projections from the surfaces ofprotoplasts
and depressions in cell walls of popped nuiias were similar to

.E.i&.....:2. Longitudinal fractures through intercellular spaces (IS) in bean cotyledons. Unpopped Nufia Pava (Sa) with occluded
sections of intercellular spaces (between arrows). Bar= 10 )Jm . Popped Nufia Pava (5b) with contact cell wall (CW), interior
surface of contact wall (ICW), schizogenous cell wall (SW), exterior surface of schizogenous wall (ESW). Bar= 50 )Jm. Calima
(5c), a conventional non-popping cultivar of Andean bean with open section of intercellular space (between arrows). Bar= 50 ~m .
.Ei&....Q.. Fracture through unpopped Nufia Pava near the abaxial surface (AS) with mesophyll tissue (M) and epidermal layer (E)
lacking air-filled voids. Bar= 50 J.lffi.
f.i&:.l. Fractures through popped Nufia Pava cotyledons showing starch granules (arrows) beneath the exterior surface of protoplasts (EP). Figure 7a shows open (0), partially open (P) and closed (C) intercellular spaces. Bar= 50 ).lm. Figure 7b shows
starch grain (SG) and expanded starch grain (ESG) with a cavity (Ca) inside it. Bar= 50 )Jffi.
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those observed in beans afler imbibition. The sizes of protoplasts did not change during popping (figs. 3a,b,5a,b).
The expansion of nuiiasduring popping came primarily from changes in the space between cell wall s. Cell walls
expanded and created intracellular voids around protoplasts
(Figs. 3b,5b, 7a,b). Schizogenous cell walls of the occluded
fonn in unpopped nuiias (Figs. 4a,5a) separated to the open
form in popped nu fias(Figs. 4b,5b). Intracellular voids contributed mo re to co tyl edo n expansion of popped nwias than
the open form of intracellul ar spaces.
Th e sma ll er ex pan sion of nutlas (van Becm and
Spae th , 1989) re lati ve to th e expansion of popcorn (1-losency
et a l. , 1983) was primarily du e to differences in starch gran ul es and the frequency of small cracks. Most starch granules
in nufias were not visibly changed during popping of nwias
(Figs. 5,6,7) while most of the starch granules in the vitreous
endospcnn of popcorn expand during popping (Hose ne y et
al., 1983). The structure of the altered starch granule in Nuli.a
Pava (Fig. 7b) was more similar to starch granules of popped
co m (1-loseney et al. , 1983) than to other starch granules of
either unpopped (Fig. 3a) or popped (Fig. 7) nuiias.
The loss of bi refringence by sta rch granules of popcom indicates that the starch granules have gelatinized during
heating (lloseney eta!. , 1983). T he retention of birefringence
in starch granules of popped nutlasindicated that the granules
did not gelat in ize during the popping process. Starch granules
in nuiias, therefo re could not expand in the way sta rch gran ules in popcorn expand during popping (Hose ney et al.,
1983). Ge lmini 7..a tion and expansion are import ant determi natlls of starch di gestion rate in the gastro -intestin al tract
(Th orn e ct al., 198 3; WUrsch et al., 1986). Si nce starch
granu les did not ge latinize during popping , starch in popped
nuiias is probably digested slowly. Reductions in rates of
starch digestion are an important consideration for di etary
munugcm c nt of diabetes (Tho me ct ul., 1983).
The reason starch granules did not gelatini ze during
popping of nuiias is not clear. The temperature inside of
nutiasat time of popping may be lowe r than the tem perature
inside of popcorn, or the sta rch granules in nuiiasmay have a
higher te mperature for gelatinization than starch granules in
the vitreous endosperm of popcorn. Since ge latinization of
starch granules depends on tempera ture and moisture content
of the starch, analyses will require measurements of both .
The large crac ks in popped nuiias we re generally
transve rse with respect to the long axis of the bean (Fig. 2a)
si milar to transverse crac ks formed during imbibition (Spaeth,
1986). Cotyledo n mesophyll tissue of popped nutias generally lacked the small cracks (Figs. 2,3, 7) which make a substanti al co ntributi on to the expansion of popped co rn endospe rm (ll os ene y ct a l. , 1983). The epidermal surfa ce of
popped rwria co tyledo ns exhibited small checks (Fig. 2a)
which con tribut ed liul c to expansion.
Nurias which pop immediately after harvest sometimes fail to po p after a period of aging (National Research
Council , 1989). Another aging process of common bean
cultivars is the developmen t of the hard-to-cook phenomenon
{Varriano-Marst on and Jackson , 1981 ; Swanson, Hughes and
Rasmussen, 198 5: l-lincks and Stanley, 1986) . Several
mechanisms are reported to contribute to development of hardto -cook beans including changes in cell wall properties
(Hincks and Stanley, 1986) after storage at high temperatures
and high humidit ies. Changes in cell wall propenies may a lso
affect the popping process and could explain why popping is
sometimes incomplete a nd vttriabte , even within a nuii:J line.
The occl uded intercellular spaces in nuiia cotyledons
constitute a n interesting modification of cotyledon ti ssue from
the perspective of seed physiology. The diffusion of gases
through dry nuiia tissue may differ from diffusion of gases
through cotyledons of conventional beans because of the dif-

ferences in pathways for diffusion. The cond ition o f intercellular spaces in nuiias before and during dehydration , and
during and after rehydration is not known. The occl uded
intercellular spaces may also alte r the hydrauli c conducti vity
and consequently transpon ofliqu id water into cotyledons.
Conclusions
SEM analysis of nurias indi cated that the primary sites
of expansion were the intracellular spaces between the proto plast and cell wall, and inte rce llul ar spaces which chang ed
from a n occl uded form in unpopped rwnas to an open form in
popped twiias. The expansion differed from popco rn in that
neither starch granules no r small multicellu lar cracks contributed significantly to the expansion of nuiias The occluded
form of intercellular spaces in unpopped nuiias differed distinct ively from the open form of intercellular spaces in popped
nurias and unpopped conventional beans.
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W J Wolf: If the cell wall expands during popping ,
wouldn't you expect a narrowing oft he cell wall? Have you
looked for evidence of changes in the structure of the cel l wall
as a resu h of th e expansion?
~: For a homogen eous, isotropic material , one wou ld
ex pec t a decrease in thi ckness after expansion. Since ce ll
walls are neith e r homogeneous, nor isotropic , we did no t
know what to anticipate. We have not observed marked
c h :~ n ges in th ickness of ce ll w<~lls. W e have not stucliecl
changes in cell wall structure as a result of popping in greater
detail.
R. W Yaklich : Do you think the differences you observed in
micros tructure of popped nuiias would be the same at a high·
er elevation?
Authors: The cooking time required for popping of nuiias is
reponed to increase at high elevations ( K. S. Zimmerer, personal communication). Since elevation can influence popping
time , elevation may also influence microstructure of popped
nun.u
R. C ll oseney: What is the significance of the: fact that popping on ly takes 4 min to produce a soft bean while cooking in
water takes a much longer time?
~: Beans become so ft during boiling because ce lls in
coty ledons se para te from each other along the middle lamella
(Hinci<S and Stan ley, 1986). We observed no evidence of ce ll
se paratio n along the middle lamella in popped nufi,1S.
Therefore, the process by which nuiias become soft during
popping differs from the process during boiling. Two different processes of softening apparently develop at substantially
different r.ues.
B. G. Swanson : Is the moisture content of nuiias prior to
popping similar to unpopped com?
A.Y.!b.Q!t: The water content of nuiias before popping in the
current research was below the range of water contents conducive to optimal popping of popcorn (Hoseney et al., 1983).
We have not determined the range of initial water contents
conducive to popping of nuiias.
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Introduction
The produccion of finely comminuted sausages
such as frankfurters requires the availability of
adequate
amounts
of
extracced
myofibrillar
proteins
in the meat batter.
Hyofibrillar
proteins are principally responsible for binding
added moisture and fat and thus for the desirable
texture associated with these products .
The
solubilization of myosin and actomyosin is of
great importance in the formation of stable meat
batters (Gillett et al., 1977).
Sodium chloride
(NaCl) is the salt most widely u sed to enhance t h e
ext raction of myo sin
and
actomyosin
during
comminution (Asghar et al., 1985; Barbut and
Findlay. 1989)
Two mAin morte.ls havtJ betJn propos:ed to explain
fat stabilizat ion in such batters . According to
the emuls ion theory, the proteins form a film or
membrane around the fat globule which stabilizes
them (Jones, 1984), whereas the non-emulsion
theory proposes that fat globules are physically
entrapped within the protein matrix (Lee, 1985).
During cooking , protein coagulation helps to
immobilize the fat , water and other const ituents.
Unstable
batters
are
in frequent,
but
bothersome problems in routine meat processing
operations. Research has therefore been directed
at: the mechanisms by which batters are stabilized.
Early research demons trated the existence of an
interfacial protein film ( IPF) around fat globules
and suggeste d that it was responsible for the
stability of meat batters during cooki ng (Hansen,
1960; Swift et al., 1961, Borchert et al., 1967).
Several workers have since confirmed the presence
of a protein film around fat globules (Theno and
Schmidt, 1978; Lee et al., 1981; Carroll and Lee,
1981; Swasdee et al., 198 2).
In addition, Jones
and Mandigo (1982) have investigated the 'pores'
found in the protein film in the cooked batters
and suggested that they serve as a pressure
release mechanism during cook ing.
The matrix as
well as the chemical and physical nature of the
fat have also been shown to play an important role
in emulsion stability (Meyer et al.,
1964;
Townsend et al., 1968) .
Growing concern has been expressed over the
link between hypertension and dietary sodiUill
intake (Ke nt, 1981).
This has fueled a drive to
reduce the levels of NaCl in meat products
(Anon. , 1980).
However, reducing NaCl levels in

The stability, texture and microstructure of
six mechanically deboned chicken meat bat.ters
prepared with NaCL (1.25 and 2.5%) and replacement
of the 2. 5\ NaCl with HgC1 2 , CaC1 2 , KCl and LiCl

based on isoionic strength were examined .

The

uncooked HgCL 2 batter showed the poorest fat
binding,
The monovalent chloride salts produced
stable cooked batters, whereas both divalent salts
did not,
CaC1 2 produced a more unstable batter
than MgC1 2 •
High correlation was found between
water and fat loss and total cookout losses from
cooked ba tters.
Texture was
significantly
affected by t h e type of chloride salt used.
The
divalent chloride salt batters had low brittleness
and were simllar in texture. They had a different
texture proflle from monovalent chloride salt
bat.ters .
Hardne ss and springine ss were found to
be related to batter stabilit.y.
H.icrostruct.ural
differences
between
treatments
reflected
differences
in
batter
stability and appeared to explain some of the
textural differences. The protein matrices of the
monovalent chloride salt batters were all simllar.
However, LiCl produced a more tightly interwoven
matrix than the others. Extensive coalescence was
evident in the batters made with HgC1 2 and CaC La
which resulted in the format:ion of fat channels.
In addition, t h eir protein matrices were highly
aggregated.
Batt:er stability and texture appear
to depend on t h e structure and integrity of the
matrix as well as t h e formation of a stable
prote in film around fat globules .
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meat products will reduce protein extraction which
will result in an unacceptable product (Thiel et
al., 1986; Whiting, 1987; Hand et al., 1987;
Barbut and
Findlay ,
1989).
In order
to
successfully
reduce
the
sodium
levels,
effective NaCl substitute must be found.
It has been suggested that the chloride ion
is responsible for the functional efficacy of NaCl
in meat products (Hamm, 1970; Offer and Trinick,
1983; Asghar et al. , 1985).
Consequently, the
po tential use of other chloride salts (KCl, MgC1 2
and LiCl) have been studied (Seman et al., 1980;
Hand et al., 198 2a,b; Barbut et al., 1988). This
approach has met with some success, ho...,ever its
application has been limited because of some off
flavour problems and insufficient knowledge of the
mechanisms by which NaCl stabilizes meat batters .
There is currently an increasing body of
information on the functional aspects of NaCl and
other chloride salts in meat products, However,
a fundamental understanding of the mechanisms
involved can greatly speed up the process of
developing NaCl alternatives. Very little work on
the effect of chloride salts on the microstructure
and/or texture of meat emulsions can be found in
the literature (Knipe et al., 1985; \..'hiting, 1987;
Barbut and Mittal, 1988; Barbut, 1989). Thus, the
objectives of this work were to use a model system
to obtain basic information on the effect of
different chloride salts on emulsion stability and
investigate
their
relations
to
product
mi c rostructure and texture.

cooking, 34g of batter was accurately weighed into
50ml plastic test tubes (to prevent evaporation)
which were centrifuged (Fisher Centrifi.c, F'1 s he r ,
Ont .) at a low speed (600 g) for 5 min in order to
e vacuate any air trapped during stuffing (Whiting ,
1984) ,
Six tubes per treatment were cooked to an
internal temperature of 69°C in a water bath
gradually heated from 50°C to 80°C within L. 5 hr .
Three tubes were used to determine emulsion
stability (ES) and the rest were stored in a
cooler ( 2°C) overnigh t.
SAmpling and Testing
The pH of raw batters was determined in
triplicate (Chemcadet J-598, Cole Palmer, Chicago
IL).
Emulsion stabillty was
assessed
in
triplicate on both the raw and cooked batters .
For the raw batters, 34g of each batter was
weighed into 50ml plastic centrifuge tubes and
centrifuged at 18,000 g .
The amount of oil
separated was determined and used as a measure of
the stability of the raw batter. Stability of the
cooked batter was measured by the amount of liquid
and fat released from a 34g sample during cooking
(Townsend et al., 1968) .
Texture profiles were determined on seven
cooked samples per treatment (Bourne , 1978) .
A
central core (lOmm high x lOmm in diameter) was
removed from each specimen and compressed twice to
25\ of its original height (Keeton et al., 1984;
Zeigler et al., 1987) using the lnstron Universal
Testing Machine
(Model 1122,
Instron Corp.,
Ca nton, MA).
Cross-head speed was 20 mm/min and
chart speed was 200mm/min.
Hardness (Loree at
maximum deformation, N), brittleness (force to
initial fracture, N), cohesiveness (ratio o( the
area of the second curve to the area of the first
curve,
mm 2jmm2 ),
springiness
or
elasticity
(distance from gauge length to slice surface of
second
curve,
mm),
gWMliness
(hardness
x
cohesiveness,
N) and chewiness (gumminess x
springiness, Nmm) were dec.ermined .
Electron Microscopy
Samples for scanning electron microscopy
(SEM.) were prepared by a modification of the
procedure of Jones and Mandigo (1982) . Two cooked
batters per treatment were randomly selected from
each treatment.
A block (2 x 1 x lcm) was cut
from the centre of each and sliced into 3 mm
cubes.
They were broken using forceps such that
the broken side would be used for SEM.
The
specimens from each treatment \olere fixed in 2\
glutaraldehyde + 1% paraformaldehyde in II EPES
buffer (pH 6. 0) for 2 hrs, rinsed five times for
10 mi n with the buffer, and post-fixed wi t h H.
OsO~ for 4 hrs.
This wa s followed by five more
rinsings with buffer after which specimens were
dehydrated through a graded series of ethanol of
SO, 70, 80, 90, 95% and three changes of 100\ for
10 min each.
Samples were then critical point
dried using C02 , mounted on stubs and sputtercoated with palladiwa/gold (Hummer VII, Ana tech
Ltd, , Va.).
The samples were examined by SEM
(Hitachi S-570, Tokyo) at 10 kV.
For transmission electron microscopy ( TEH) ,
The fixed and
a standard procedure was used.
dehydrated samples were placed in acetone- Spurr's
resin at ratios of 3:1, 1:1 and 1:3 for 30, 30 and
45
min ,
respectively ,
Samples
were
then
infiltrated with 100\ Spurr's overnight in a

Materials and Methods
~

five different chloride salts were used to
produce six different poultry meat batters i n
three separate trials
NaCl was used at Levels o(
1.5\ and 2.5\ of the total weight of the batter.
Four other chloride salts (MgC1 2 , CaC1 2 , KCl, LiCl)
were used at levels \olhich gave an ionic strength
equivalent to that of 2. 5\ NaCl (Table 1.). The
2 . 5\ NaCl represented the most widely used level
for cottllllinuted products today.
The L. 5\ NaCl
represented a 40\ reduction that would still
provide a borderline stability (Whiting, 1984).
Ingredients and Product Manufacture
Batters (0. 5kg batches) were made from
mechanically deboned chic ken meat (HOCM) obtained
from a commercial processi ng plant. The meat wa s
kept frozen ( - i8°C) for up to one month prior to
use ,
Proximate analysis of the raw meAt as
determined in duplicate (AOAC, 1980) was: 66.7%
moisture, 16 .1\ fat, 14 .3% protein and 1 .1% ash.
The composition of the cooked batters was not
determined.
All treatments were formulated with
6, 0\ added water (based on a finished p roduct
weight).
The KOCH was the sole source of fat.
The level of chloride salts ( Fisher Co., Ontario)
varied among treatments.
Batters were chopped for 4 min in a nonvacuum bowl cutter (Hobart, model 84142, Troy, OH)
using the high speed setting (33 rpm) ,
Final
chopping temperatures did not exceed 8°C in any of
the treatments.
To remove small air bubbles,
batters were later vacuum tumb led in a pre-cooled
40 litre table top vacuum tumbler (Lyco, Columbus,
\Jl) for 30 sec at a pressure of 0.15 atm.
For
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Emulsion stability and pU
different chloride salts.

Parameter

NaCl
5%)

(1

of

cooked

~!eat

and

ATMENT
MgC12
(1. 35%)

NaCl
C2 . 5%)

Batters

uncooked

CaCl2
<1.58%)

meat

batters

()

prepared

KC1
19%)

with

LiCl
<1.18%)

Ionic
Strength

0.26

0.43

0.43

0.43

0.43

0.43

pH (raw)
(S . 0. )f

6. 74bc
0. 05

6. 76b
0. 03

6. 66d
0.05

6 .o8e
0. 05

6. 83 8
0.02

6. 69cd
0. 02

Uncooked
Fat Loss&
(S.D.)

6.09b
0. 59

J5b
53

7. 91 a
0, 61

6.oob
0.18

oJb
62

nb
62

Cooked
Ge l water
Loss
(S.D.)

4. 62c
0.69

3. aged
0. 33

21. 06b
0. 26

23. 94a
0.37

4.09c
0. 55

1. 94d
0. 30

Fat Loss
(S.D.)

O.lsbc
0.08

o. osbc
0.08

0.49a
0 .0 6

0. ssa
0.15

0. 2lb
0.16

o .o 6c
0.05

Total&
Liquid Loss
(S .D. )

5 .06c
0. 74

3. 32cd
0. 33

22 .47b
0, 30

25 56 a
0. so

nc
69

.ud
34

means followed by different
(P<0.05).
standard deviation.
ml/lOOg of batter .

superscripts

in

the

same

significantly

different

may be different, possibly because of differences
in the type a n d quantity of extracted protein and
protein-cation interaction . Divalent cations are
thought to reduce batter stability by increasing
protein aggregation through the formation of salt
bridges (Harnm, 1970 ; Asghar et al., 1985).
In the cooked batters, both MgC1 2 and CaC1 2
resulted in high fat and water losses; however,
the latter produced a less stable product (Table
1).
There was no significant difference in fat
loss between the two divalent salt treatments but
CaC1 2 caused significantly more water loss than
did MgC1 2 (p<O.OS).
This suggests that unstable
batters are more often accompanied by water loss
than fat loss.
This conclusion was supported by
high corre lations (p<O.Ol) between water loss and
total
cook-out
losses
(Table
2) .
Other
researchers have suggested that water loss is the
main effect of batter ins tability (Patana-Anake
and Foegeding, 1985; Schmidt, 1984).
Magnesium ions have been shown to destabilize
meat batters prepared from pork and beef as well
as poultry (Seman et al., 1980; Knipe et al.,
1985; Barbut et al., 1988). MgC1 2 and CaC1 2 have
different effects on pH and water holding capacity
(WHC) in ground beef (Wierbicki et al., 1957).
Yhiting (1987) found no significant differences in
fat exudation between beef/pork frankfurters made
with MgG1 2 and CaC1 2 .
However, CaC1 2 caused more
water loss from cooked batters.
These findings
agree with th e results in Table 1.
On t he
contrary, he found that MgC1 2 formed a stable

desiccator before curing for 1 6 hr s in capsules at
60°C. Sections were cut, picked up on grids and
stained for 10 min with uranyl acetate and 5 min
with lead citrate. Sections were viewed by TEM
(JEOL JEM lOOCX) at 60 kV.
Statistical Analysis
The experiment was repeated three times. For
t h e microscopical evaluation, samples from two of
the tria l s were examined.
The experiment was
based on a complete randomized block d esign. Data
were analyzed by analysis o f variance usin g the
General
Linear
Models
(GLM)
pro cedure
(SAS
Institute Inc., Cary, N.C . ).
Tukey's test was
used to detect significant
differences between
treatment means.
Correlat ion coefficients were
determined on textural and emulsion stability
parameters.
Results and Discussion
Emulsion Stability and pH
Fat was the only component released from the
uncooked batters during centrifugation; no water
was separated.
Only the MgC1 2 treatment showed
sign ificantly higher fat release (p<0.05) than
other treatments (Table 1).
Whiting (1984) a nd
Patana-Anake and Foegeding ( 1985 ) .:tlso reported no
s ign ificant water loss prior to cooking in reduced
NaC l batters and batters to which different
binders were a dded. The difference in fat binding
in the uncooked state suggests that the mechanisms
by which MgC1 2 and CaC1 2 act to destabilize batters
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Correlation coefficients for emulsion stabil ltV

Textural
Parameter

pH

pH and textural character1stics 8

Gel Yater
Releasedb

PARAMETER
l::m!i.!hi2n Stability
Fat
Releasedb

Total
Liquid
cooked

Fat
Released
ed

Hardness 1

N. S. c

0, 324*

0. 302*

0. 324 *

N.S .

Brittleness

N .S.

N. S.

N. S.

N. S.

N. S.

Springiness

0. 350*

Cohesiveness

N .S.

N. S .

N .S.

N. S.

Gwnminess

N.S.

N. S.

N. S.

N.S.

N.S.

Chewiness

N.S.

N.S.

N.S.

N .S.

N.S.

-0. 518**

-0.497**

-0 759**

pH

Gel Yater
Released

.

-0 520**

N. S.

-0. 384*

-0.644**

-0. 756**

0. 913**

0.999**

0. 185*

0.924**

N. S.

Fat Released
(cooked)

N.S.

0 . 284*

Total Liquid
(cooked)
Fat Released
(uncooked)

total no. of observations - 54.
gel water, fat released from cooked frankfurter s (ml/lOOg).
not. significant..
significant. (P<O.OS); ** - significant (P<O.O l) .

batter, a conclusion which supports the findings
of Hand et al. (1982a) for both pork/beef and
mechanically deboned turkey meat frankfurters . A
tenuous relationship (p<O.OS) was found between
fat lost from the uncooked product and the ES of
the cooked product (Table 2). This suggests that
fat binding prior to cooking may influence the
stability of the cooked product.
The other salts resulted in the formation of
much more stable batters (Table 1).
LiCl formed
the most stable batter when compared to the KCl
and l. 5% NaCl treatments but was not more stable
than the 2.5% NaCl batter.
In contrast, Hand et
al. (l982a) and tJhiting (1987) found no difference
in stability between batters made with these
salts.
KCl has been found to be as effective as
NaCl in promoting ES (Hand et al., 198 7; Barbut et
al., 1988).
tJhiting (1984) found significantly
greater water loss from batters made with 1 . 5\
than 2. 5
NaCl but significant fat loss only
occurred at less than 1. 0\ NaCl.
LiCl has been
shown to h~ave a positive effect on water retention
(Hand et al., 1982b) but is not approved for use
in food.
The lower pH of the MgC1 2 and especially the
CaC1 2 treatments could possibly have caused lo...,er
protein extraction and greater protein-prote in

interaction resulting in the foilllation of a less
open matrix.
This could reduce water and fat
binding, resulting in lower stability of the
cooked batters (Table l) .
Moderate correlation
was found between pH, fat and water Lo st from the
cooked products (Table 2).
Clarke et al. (1987)
have observed that a pH in the region of 6. 0
resulted in poorer batters than a pH of about 6.3.
However, Knipe et al. (1985) found that while
MgC1 2 reduced the mea t b atter pH and ES, it was
still able to extract enough protein to facilitate
the formation of a batter.
If the pH effect is significant, then the
higher pH resulting from KCl addition in this
study should have facilitated greater protein
extraction and better ES when compared to the
standard 2. 5% NaCl treatment .
However, this was
not the case. Further, LiCl produces a pH similar
to that of HgC1 2 and the 1 . 5% NaCl treatments but
formed a much more stable bat.ter (Table 1). One
must t.herefore be cautious about the pH effect
when different ions are compared .
~

The
texture
of
the
meat
batter
significantly affected by the type of chlori de
salt (Table 3). The texture profile of the 2. 5\
NaCl treatment was different from that of all
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Textural parameters of frankfurters prepared with different chloride salts.
MENTe
KCl
19%)

(1

(2

0

cac1 2
( 1. 58\)

10 3scd
1 80

13 83 8
2 82

11 sob
1 63

13 95 3
2 97

Brittleness
(S.D.)

11 uab
1 72

11 . 86a
2 . 59

77°
95

. 60c

11. 95a

52

2.43

10.45b
l. 80

Springiness
(S. 0.)

5. gga

0. 34

5. 91 8
0.44

11b
23

06b
21

s .osb
0. 28

5. 23b
0.17

Cohesiveness
(S.D.)

o. zzb
0.02

0. 24a

0. 24a

o . zzb

0.05

0.02

0.04

o.21b
0.05

0.05

22°
36

3.43 8
l. 25

NaC l
5%)

Textural
Parameter

Gumminess
(S.D.)

12 97cd
1 95

Chewiness
(S. 0

a-d

NaCl
5%)

20 68 3
8 25

MgClz
35%)

ggb
5
14 ,87bc
2 70

(3

LiCl
18%)

(l

9. 27d
1. 86

10. 82bc

2.07

0.22ab

3 .14ab

2. 37c

2 .osc

0. 98

0. 88

0. 71

16 .12b
5.42

12 .o2cd

4. 51

10. 9ld
3. 76

followed by different superscripts in the same row are significantly different

(P<0.05).
IS of all treatments (except 1.5% NaCl) equivalent to 0.43.
standard deviation.

other treatments but the texture of the 1. 5% NaCl
and
KGl
treatments
was
very
similar.
The
elasticity of both NaCl treatments was higher than
the others.
The 2. 5% NaCl and CaC1 2 treatments
were
harder
(p<O.Ol)
than
all
the
other
treatments; lithium chloride produced the least
hard frankfurter (Table 3).
The 1. 5\ NaCl, 2. 5\
NaCl and KCl treatments were the most brittle
(p<O.Ol) while the divalent salts produced the
lowest brittleness. MgC1 2 and 2. 5% NaCl produced
the most cohesive frankfurters.
In general, the
divalent chloride salts were similar in texture
except
for
differences
in
hardness
and
cohesiveness.
The hardness of frankfurters is influenced by
the protein concentration in the aqueous phase
prior to cooking (Hamann, 1988).
Therefore, the
relative differences reported here may be due to
different types and amounts of extracted protein
as well as cation-protein interaction during
cooking.
The
differences
in hardness
and
cohesiveness between the MgZ+ and Ca 2 + batters
supporc the idea that they act by different
mechanisms in destabilizing the batter. The MgC1 2
batter
was
more
cohesive,
a
textural
characteristic believed to be formed prior to
cooking. However, the CaC1 2 batter was harder and
this characteristic is thought to be formed during
cooking (Montejano et al., 1984; Patana-Anake and
Foegeding, 1985).
The differences in elasticity
between the NaCl treatments and the others
probably resulted from microst:rur.t:ur;al rli fferenC".P.$>
in the matrix structure and fat dispersion, as
discussed below. Correlat i ons between texture and
ES are reported in Table 2.
Hardness and
springiness were the only textural characteristics
related to batter stability.
Patana-Anake and

Foegeding
(1985)
have
also
found
that
ES
characteristics correlated with springiness and
hardness
but
not
with
cohesiveness
and
brittleness
Hardness,
springiness
and
brittleness appear to be the main characteristics
which determine the final composite cexture of the
cooked batters. Szczesniak (1963) suggested that
hardness and springiness were related co the
attraction forces acting between particles and
opposing
disintegration.
Patana-Anake
and
Foegeding (1985) suggested that springiness a nd
brittleness have a similar microstructural basis
and it is possible that they may be affected by
the type and amount of protein extracted.
A small,
inverse correlation was found
between fat loss before cooking and cohesiveness
(Table 2). Such a relationship would suggest that
this textural parameter develops prior to cooking.
Other workers have reported results which suggest
that
cohesiveness
is
among
the
intrinsic
properties of the batter developed prior to
cooking (Montejano et al., 1984; Patana-Anake and
Foegeding, 1985).
In addition, Hamann (1988)
noted
that
cohesiveness
depends
on
the
functionality of the proteins extracted during
manufacturing.
Hence, it appears that proteinfat
interaction in an uncooked batter may
influence
protein-protein
binding,
thereby
affecting the cohesiveness of the final product.
Microstructure
The 2. 5% NaCl treatment showed an even
distrib u tion of fat globules
throughout the
matrix (Fig. lA).
Many of the fat globules seen
under the TEM (Fig. 2A) were surrounded by a
defined dark line which is believed to be the
interfacial
protein
film
encapsulating
fat
globules (Hansen, 1960). Borchert et al. (1967),
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Figure l.

Scanning electron micrographs of representative fields from the six chloride salt treatments.
A - 2 . SX NaCl; B - l. 35% HgC1 2 (arrows show c oalescence, a-aggregated matrix); C - l. 5% NaCl;
D- 3 . 19% KCl; E - 1.58% CaClz; F- 1.81% Li.Cl. (Bar- 100pm).

evenly distributed (Fig. lE). There appeared to
be a great variation in the s lze of the fat
globules in this treatment. The gross coalescence
of fat is strikingly evident in the TEM micrograph
(Fig. 2 E) and was responsible for t h e virtual
continuity of fat throughout the protein matrix.
Residues of protein film were visible within the
large, irregular shaped fat mass which seemed to
be in the intermediate stages of coalescence.
Some small, round globules were also seen .
The formation of fat channels in both
divalent chloride salt treatments appear to be
closely linked to the instability of the batters
formed (Figs. 2C, 2E; Table 1) .
Fat channel
formation in meat batters as well as changes in
the protein matrix have been found to accompany
dP.t:.rP.Ased ES (Townsend ec al., 1968; Carroll and
Lee, 1981; Lee et al., 1981).
The formation of
fat channe ls is thought to create discontinuity in
the protein matrix <Jhich causes a general
destabilization of the batter and results in
extensive fat and <Jater loss (Lee, 1985),
Fat

Lin and Zayas (1987) and Comer and Allan-\Jojtas
(1988) have also sho<Jn this protein film in TEH
micrographs.
The low NaCl treatment appeared to
have a less even fat particle distribution with
larger fat globules (Figs. lC and 2C).
The
morphology of the low NaCl batter is probably n
result of d iminished protein extraction during
comminution.
This would make less protein
available
for
interfacial
film
and
matrix
formation, <Jhich can lead to lower fat retention
during cooking.
Clarke et al. (1987) reported
that an aggregaced type matrix <Jas formed as a
result of high cook loss in a 1.3\ NaCl low fat
comminuted beef batter.
The batter made <Jith HgC1 2 had a fairly even
distribution of fat throughout the matrix <Jith the
fat globules e,ener~lly ~ssumine, frrPe,ul~r shApPA
(Figs. 16 and 28).
Extensive coalescence was
evident in both SEH (noted by arro<Js) and TEH
micrographs.
Ho<Jever. a fe<J very small, round
globules could also be seen.
CaC1 2 produced a
matrix in which the fat appeared to be relatively
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Figure 2 .

Transmission electron micrographs of representat.ive fields from the sfx chlnride sa.lt
treat.ments . A - 2. 51 NaCl (m·mat.rix , p-protein film); B - MgCl 2 (f ·fat., c-coalescence , aaggregated area , g-round globule); C - 1. 5% NaCl (a-aggregated area); D - 1. 39% KCl; E - 1.58%
CaC1 2 (r·protein film residue, t-tunne ls forming fat channels); F- 1.81% LiCl (! - interwoven
matrix, f·fat globule). (Bar- to,..un) .
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particle size and distribution have also been
found to affect ES; the smaller the fat particles
and the more even their distribution, the more
stable the resultant batter was (Lee et al. ,

1981).

Figure 3.

Scanning electron micrograph of the
matrix of the 1. 39% KCl treatment
(representative of the matrices in
stable emulsions); p-pore. (Bar -

Figure 4 .

Scanning electron micrograph of the
matrix of the 1. 35% HgC1 2 treatment; c.tunnel, f-bound fat, p-pore. (Bar -

Figure S.

Scanning electron micrograph of the
matr ix of the 1. 58% CaC1 2 treatment; c.tunnel. (Bar - 2,_un).

The batters made with KCl and LiCl show
fairly even fat particle distribution (Figs. lD
and lF, respectively).
The size distribution of
particles within bo th treatments seemed to be
fairly even. TEM micrographs showing their crosssectio ns (Figs. 20 and 2F) indicated t hat some of
t h e globules were irregular in s hap e probably
resulting from the structural constrai n t imposed
by t h e gelle d protein matrix.
The LiCl batter
seemed to have a less uniform fat particle
distribution than the 2 . 5% NaCl treatment but was
otherwise
similar
(Fig.
2A vs
2F).
The
microstructures
of
the
1.S
NaCl
and
KCl
treatments were very similar (Figs . lC and 10) and
relate well to their ES.
The Matrix Structure
The aggregation and denaturation patterns of
the proteins in a frankfurter batter are of vital
importance t.o the formation of the prot.ein matrix
as well as the protein envelope surrounding fat
globules (Schmidt et al., 1981).
Uhile fat
dispersion and fat particle size play a role in
stabilizing the batter, some have suggest.ed that
the structure of the protein matrix may be the
single most important factor determining batter
stability (Jones, 1984).
SEM micrographs of t he
matrices of the different treatments s howed
differences which might have influenced ES.
The
matrices of the stable batters had basically a
similar appearance; a high magnification example
is shown (Fig. 3)
The protein matrix of the 2. S%
NaCl treatment had a fine, thread-like structure
which was highly int.erwoven and could have been
the reason for its good water binding (Fig. 2A).
The KCl and LiCl treatments had a similar
appearance , but the LiCl appeared to produce a
more highly interwoven, dense matrix (Fig . 2F).
These microstructural di £ferences seemed to be
related to the observed differences in ES.
In contrast to the matrices formed by the
more stable chloride salt treatments, those formed
by HgC1 2 and GaC1 2 showed varying degrees of
aggregation ( Figs . 4, 28 and 2E, respectively).
The MgG1 2 and CaG1 2 frankfurters had protein
matrices which were highly aggregated with large
tunnels evident throughout (Figs, 4 and S). The
matrix of the MgG1 2 batter appeared to have
greater conti nuity and smaller tunne ls t han the
CaC1 2 batter (Figs. 2B vs 2E and 4 vs S).
The
matrix
produced by
l. 5%
NaCl
showed
some
aggregated areas interspersed \olith more open areas
(Fig. 2C), suggesting lower protein extraction
than the 2.5% NaCl . A constant feature observed
in all treatments was the existence of sma ll
openings in the mat.rix (Figs . 3 and 4).
These
were noticeably fewer in the unstable treatments;
the CaC1 2 batter had the least.
These tiny
openings were formed as a result of a finely
interwoven, lacy matrix and are believed to hold
water by capillary forces {Schmidt et al., 1984).
Jones and Mandigo (1982) and Schmidt et al.
(1984) observed an apparent cooperatlvity between
fat and water loss from products during cooking.
It may be that wa ter is lost at a faster rate and

2,..) .

2,..).
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in greater amounts than fat because it is
continuous throughout the matrix and more mobile.
It is likely that interprotein interaction in
unstable batters causes the matrix to contract
thereby creating tunnels through which water loss
occurs more readily .
Water loss increases the
availability of protein ligands formerly involved
in water binding, thus increasing protein-protein
interaction.
This can cause further matrix
contraction, more water loss and can in turn
create even wider tunnels through which the slower
moving fat is able to flow.
These tunnels may
become filled with molten fat,
forming fat
channels (Figs. 2B and 2E). This could be further
facilitated by the weak, thin and often incomplete
protein film surrounding the fat globules in
unstable batters (Fig. 2E).
Deng et al. (1981) found a large amount of
broken protein film and fat separation from large
fat globules in which the interfacial film was
forced to assume irregular shapes. This inability
of the protein film to stabilize large globules
can contribute to the cooperativity between fat
and water loss from unstable batters.
The fact
that no water was separated from the raw batters
suggests
good water binding in this state.
Therefore, it appears that the main reasons for
fat and water loss in the unstable batters were
the formation of tunnels in the matrix of the
cooked
product
and
the
inability
of
the
insufficient amount of protein to form a coherent
film to stabilize the fat during cooking.
Microstructure Related to Texture
The microstructure of the chloride salt
treatments in this study appeared to be related to
their texture.
Both NaCl treatments had similar
springiness and brittleness which could be due to
similarities in the structure of their matrices.
Textural differences were possibly caused by what
appears to be differences in fat particle size and
dispersion as well as water loss during cooking.
Angel et al., (1974) and Cassens and Schmidt
(1979) have related firmness t o fat globule size
and distribution.
The
2. 5% NaCl and KCl
treatments seemed to have similar fat particle
distribution which may explain their similar
brittleness values.
However, their different
texture overall may be the result of different
degrees of interlinking within their matrices
(Fig. 2)
The textural difference between LiCl and 2. 5%
NaCl treatments could possibly have resulted from
the highly interwoven matrix of the LiCl treatment
combined with its relatively uneven fat particle
dispersion (Fig. 2A vs 2F).
This would enhance
its water holding properties and affect th os e
textural characteristics (such as gumminess) which
are affected by water content and brittleness
which
may
be
dependent
on
fat
dispersion
(Szczesniak, 1963; Zeigler et al., 1987).
The low brittleness of the divalent chloride
salt treatments may have been due
to the
continuity of the fat throughout their matrices.
The percentage fat content of these treatments
would have increased as a result of high water
losses.
Greater contribution from the plastic
nature of the fat to batter texture could
therefore influence britt l eness (Zeigler et al.,
1987) . The low springiness was likely a result of

the low degree of i ntegrity of their matrices .
Montejano et al. (1984) found that beef muscle
gels with a sponge-like texture and large pores
had low elasticity.
They also indicated that
aggregated-type surimi gels had lower shear stress
At fAilure but higher shear strain than nonaggregated gels.
Shear stress and shear strain
have been correlated respectively with hardness
and cohesiveness (Hamann, 1988). The gels formed
by the divalent chloride salts in this study
appeared to be very similar in texture to both the
beef and surimi aggregated gels described above.
The results of this study supported the
findings of some previous studies on beef or pork
systems.
However, there were clear differences
with other studies especially with respect to the
effect of different chloride salts on batter
stability and texture.
The texture of cooked
batters was found to vary depending on the
chloride salt and was significantly affected by
batter stability.
The monovalent chloride salts
formed more stable batters than MgC1 2 and CaC1 2 .
KCl (3.19%) produced a batter similar in texture
to l. 5% NaCl.
The 3.19% KCl was more similar to
2. 5%
NaCl
than was
1.18% LiCl.
Although
commercial conditions were not used, it appears
that proper formulation may allow th e successful
use of KCl in combination with other salts in the
production
of
high
quality
reduced-sodium
frankfurters. Product texture was also related to
microstructure.
The results suggest that batter
stability and texture depend on the structure and
integrity of the protein matrix as wel l as the
formation of a coherent interfacial protein film
around
the
fat
globule
and
fat
particle
dispersion.
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Would you explain why you used such a
short chopping time (4 min) and low temperature
(6°C) even at a high speed?
How can you asswne
that t his preparation regimen facilitated adequate
solubilization and fat dispersion?
Have you
considered looking at the structure under a light
microscope?
AY.tl!2.u: The deboning process involves separation
of the meat from the bone particles and connective
tissue by passing the ground mix through small
diameter hole s in a metal screen. This results in
a coiiUDinuted product with a paste-like texture in
which the original myofibrillar structure has been
severely disrupted.
Therefore, four (4) min of
chopping at high speed can provide an acceptable
batter in terms of adequate protein solubilization
and fat dispersion.
The chopping time used was
found to be sufficient to give adequate fat
dispersion when mechanically deboned poultry meat
is used to produce meat batters (Barbut, 1988).
The fi.nal low temperature of 6 ·8°C was used in
order co avoid the melting of t he poultry fat
which is more unsatura ted than pork or beef fat
and
t herefore
mel ts
at
lower
temperatures
(Townsend et al., 1968).
In thio study, li&ht microscopy (LM) was not
used. However, we are planning to use l..H together
with
an
image
analysis
system
to
further
investigate the fat dispersion patterns.

Sci. ll. 901-905,915.
Discussion with Reviewers
Reviewer •4:
Test tube experiments have their
limitations.
Have you prepared frankfurters in
commercial type formulations, eg.
ll\ total
protein, 25\ fat, to verify conclusions reached
from this study?
R C Cassens:
On what grounds can the results of
your model system be related to a commercial
frankfurter despite the differences in formulation
and prep.aration?
~:
It is true that test- tube experiments
have limit.ations. However, while the fat content
of our batters (ca 16%) was low compared to many
commercial formulations, t he protein content (ca
14%) compares favourably to levels found in some
commercial products (Ockerman, 1989). The fat in
our formulation was derived solely from the HDCM
and was not supplemented in order to simplify the
interpretation of results.
Although this
experiment was based on a model system, products
with similar formulations have been prepared under
commercial conditions and have shown comparable
results (Barbut et al., 1988).
Further, the
results obtained for the 2. 5% and 1. 5% NaCl
treatments
are
consistent
with
those
of
frankfurters prepared with standard formulations
under commercial conditions ('Jhiting, 1984; Hand
et al., 1987).
In addition, Hand et al. ( 1982b)
prepared poultry (mechan ically deboned turkey
meat) and pork/be ef frankfurters with four of the
salts used in
this study and found great
similarities in the behaviour of these salts in
both meat systems.
Their resul ts showed pH
differences between treatments similar to ours and
their conclusions with respect to the effect of
KCl and MgC1 2 on product texture agree with ours.

Reviewer 11-4:
Have you carried out any sensory
tests to support the statements on textural
differences derived from the instrument values?
~:
No sensory tests were carried out in
this experiment for seve ral
reasons.
The
formulations used included KCl and HgC1 2 , both of
which have
been consistently shown
to
be
objectionable in terms of taste when used by
themselves in frankfurter formulation as was done
here (Hand et al., 1982b; Terrell, 1983; Barbut et
al., 1988).
In addition, LiCl is not Generally
Recognize d as Safe (GRAS).
Studies relating
sensory texture to instrumental measure me nc s show
high correlation between TPA fract urabili ty and
sen sory spr inginess and firmness ( Keeton et al. ,
1984) and between cyclic compressive forces at 70\
deformation and sensory elasticity, firmness and
chewiness (Lee et al., 1987).
TPA cohesiveness
relates well to sensory cohesiveness and TPA
hardness has been related to sensory hardness
(Montejano et al., 1985).

R G Cassens: Was nitrite used? !Jas data for all
three trials combined for statistical analysis?
How many samples were actually viewed for
microscopy in order to obtain a conclusion?
~:
Nitrite was not used since we did not
wauL l.u in troduce additional ions into the system
which could complicate the interactions that might
affect product texture and microstructure.
This
is especially true in the case of the Hg 2+, ca 2+

G R Schmidt:
In Table 1, it is shown that fat
loss only va ried from 0.06 to 0.55% whereas water
loss varied from 2 to 24\ . Isn't this r.nnvincing
evidence for the theory of water binding by the
protein matrix being the factor of predominant
importance in batter stability?
~:
The results in Table 1 do provide
overwhelm ing evidence that water binding by the

and Li ~ ions where their nitrite salts are not
commercially available.
The data from all three
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protein matrix is the predominant factor in
determining batter stability.
Nevertheless, at
least t wo other factors must be considered.
First, the proteins which are responsible for
matrix formation and therefore water binding, are
the same protein~ which form the interfacial film
(Galluzzo
and
Regenstein,
1978
a,b).
Consequently, poor protein extraction or protein
aggregation can both result in extensive water
loss and cause a weak, unstable interfacial film
to be formed.
In addition, even if large amounts
of broken interfacial film exist, fat will be lost
at a much slower rate than the less viscous wa ter.
Another factor worthy of consideration is the
effect of fat spread throughout the matrix on
texture.
The fat may not be lost from unstable
batters because of reasons already discussed , but
it will be redistributed throughout the ma trix
(Figs. 28 and 2E).
This will have undesirable
effects of the product texture and acceptabilicy
as has been shown by Barbuc et: al. (1988).

that: cooking caused matrix shrinkage especially in
the Mg 2 + and Ca 2+ batters which resulted in the
water losses observed (Table 1). Conversely , fat
was released from the MgC1 2 treatment: prior to
cooking and this may indicate that: unstable fat
docs exist in the raw batter of this treatment.
The microstructure of raw batters was not examined
in this study.
However, work is currently under
way in our lab to examine the relationship between
raw and cooked batter microstructure.
J C.

Acton:
Brown and Toledo (J. Food Sci.
40: 1061, 1975) demonstrated that fat stabilization
and water stabilization were closely linked in
meat batters cooked after choppi ng to different
temperatures.
If water and fat flow create the
"tunnels" that you described in the matrix, what
textural parameter(s ) of the final product would
likely be related to the degree of tunneling or
channeling found?
Would the described "small
openings in the matrix" of the batters l ead to
more extensive appearance of tunn els in the case
of treatments involving the ch loride sa l ts of Mg"
and ca++?
Authors:
The results obtained in this study
indicate that the fracturability (brittleness) and
the elasticity (springiness) were the textural
parameters most likely affected by the degree of
tunnelling in unstable batters.
Fracturability
has been related to sensory springiness (Keeton et
al., 1984}
Further, the high mois ture losses in
the unstable batters should lead to a relative
increase in t he percentage of fat in these batters
and, because of its plastic nature, t h e fat should
cause a reduction in ~pringinc~o (Lee ct al.,
1987; Zeigler et al., 1987). The "ope nings in the
matrix" result from t he interlaced n ature of the
protein network and are probably sites of water
binding by capillary forces.
We think that in
Ca 2 + and Mg 2 + destabilized batters, cooking leads
to extensive protein-protein aggregation and
matrix shrinkage.
This could result in an
enlargement of some of these "openings" which may
therefore be the source of the fat-filled tunne l s
observed.

G R
Schmidt:
The pH was probably of little
importance since all va lues were above the
critica l level of 6.0.
Authors:
We agree with your conclusion on the
effect of pH.
Reviewer #4:
The fat losses and the SEM
micrographs do not support the conclusion that
MgC1 2 and CaC1 2 caused extensive fat coalescence.
One disadvantage of electron microscopy is that
the fields are small.
Have you used light
microscopy
to
compare
the
extent
of
fat
coalescence?
Authors:
Fat coalescence does not necessarily
result in excessive fat losses in all cases.
Moreover, it is difficult to discern coalescence
in SEM because fat general l y appears ovoid in t h e
plane of fracture and many of the inter connecting
channels are buried within the matrix.
Hence,
transverse sectio n s as in TEM or light microscopy
(LM) will more easily reveal the nature and extent
of coalescence.
We would like to point out t ha t
the arrows in Fig. lB are pointing to fat channe l s
connecting two ovoid "globules".
Studies are
currently under way in our laboratory to examine
the
fat
dispersion of
these
chloride salt
treatments using LM.
It may also be of interest
to note that during sample preparation for TEM ,
semi-thin sections are viewed by U1 prior to the
final
trimming of
the
embedded sample
for
sectioning. The fields viewed during this proc ess
showed similar fat coalescenc e patterns to those
shown by TEM in Figure 2.
G R Schmidt:
There is a general question of
cause and effect for channelling and coalescence
of fat and water.
The large deposits of fat and
water shown in Figures 28 and 2E could be the
result of free water and melted fat flowin g in
large pores of an aggregated protein matrix. Are
thes e d eposits of fat and water seen in the raw
bacter?
6uthors:
No
water
was
expelled
after
centrifugation from any of the raw batters
examined in this study. This alludes to the fact
t h at there was no 'free' water in the raw batters
of any of the treatments; all of the water was
bound by the protein matrix.
However, it seems

Reviewer #4:
The problem of small field size
makes the interpretation of differences in the
"protein matrices" difficult . Could you visibly
detect, with the naked eye, major differences in
the
continuous
phase
of cooked homogenates
prepared with divalent cations versus
those
prepared with monovalent cations? How would you
describe these visual differences?
Visual differences between cooked
Authors:
batters made with the diva lent cations and those
made
with
monovalent
cations
were
easily
detectable. The monovalent chloride salt batters
bad continuous phases which were smooth and
uniform in appearance.
On che contrary, the
divalent cations produced batters with a very
coarse, uneven appearance.
G R

S('_hm id t:·

ThP. hieher

mRe,nifi~Rt:ion

~ hm.rn

in

Figures 3 - 5 are more convincing than the lower
magnifications shown in Figure 1. The fineness of
the protein matrices shown in Figure 2 are the
mos t convincing. At higher magnification, is the
fineness of the protein aggregates shown in these
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treatments clearly assoc iated with cook yield?
figures 28 and E appear to have very large
aggregates and the others very fine aggregates,
expecially 2F.
&uh2u: It appears that there is a relationship
between the fineness of the protein matrices (Fig.
2) and water and fat binding (Table l) a nd
therefore cook yield. The LiCl treatment had the
most highly interwoven (fine) matrix and also had
the least amount of liquid lost during cooking.
On t h e contrnry, MgC1 2 and CaC1 2 produced highly
aggregated matrices (Figs. 2B and 2E:) and showed
extensive fat and water losses.
J C Acton
\Jhat do you think was t h e cause or
source of the interfacial film "pores" found at
the surface of the dispersed fat globues by Jones
and Mandigo (1982)?
~:
Jones and Mandigo ( 1982) suggested that
holes ("pores") were formed at weak points in the
interfacial film as a result of the internal
pressure bull t up by the expanding fat during
cooking.
They further suggested that increasing
end·polnt chopping tempe ratures created thicker,
less flexible protein films which were ruptured by
thermally expanding fat. The results of our study
indicate that the protein film around fat globules
ruptured when it was not strong or elastic enough
to restrain the expanding fat during cooking.
Furthermore, a companion study on the mechanism of
pore fo rmation conducte d in our lab (unpublished
work) s upport s the theory of Jones and Mandigo
(1982) and indicates that the occurrence of pores
may be dependent on the nature of the protein film
itself. Huber and Regenstein (1988) observed t ha t
not enough protein is extracted in meat batters to
completely surround the fat globules .
This may
suggest that some pores are in existence prior to
cooking and that fat exudation occurs through
these
pre- formed
holes;
however,
additional
information is needed to clarify this situation.
~:

Do you think chat the protein forming
the interfacial filra is interlinked with protein
remaining within the aqueous phase, a) in the raw
batter below l0°C of chopping, and b) in the final
cooked product? The SEM micrograph of Theno and
Schmidt ( 1978 - Figure 8) indicated a linkage
between
the
film
and
matrix
in a
cooked
frankfurter, but this is not readily evident in
your SE:M mi crograph for cooked poultry ment
batters,
~:
It i s our belief that the proteins of
the interfacial film and those of the protein
matrix are interlinked in both raw and cooked
batters.
Hermansson (1986) hinted that all of
the proteins within a meat batter may be part of
a continuous system.
We have recently seen this
binding using cryo SEM in both raw and cooked meat
batters (Cordon and Barbut, submitted).
It
therefore appears that fat globules are bound to
the protein matrix in the raw batter as well as in
cooked batters. We have also seen this physical
binding in conventional SEM preparations of cooked
batters (unpubi ished data) but the micrographs in
Figure 1 do not show it.
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Book Reviews

G. Gassner: Mikroskopische Untersuchung pflanzlicher
Lebensmittel (Microscopic analysis of vegetable
foods), 5th Edition, Gustav Fischer Verlag, Stuttgart
(Federal Republic of Germany) and New York, 1989
(in German), ISBN, 3-437-30582-4, 414 pages, 832
figures. Price DMK 84 (approximately US $45).
The first edition of this well - known reference
book appeared in 1931 and the revised 5th edition
has now been edited by B . Hohmann and F. Deutsch mann of the Department of Applied Botany , University of Hamburg (F .R.G.) . Scientists working in the
areas of foods and feedstuffs will find comprehensive
information on the structural organization of every
major plant species and their most important natural
or processed products . Following an introduction on
light microscopy, various techniques of preparation
and especially a detailed summary of chemical reagents for selective treatments and specific staining
of constituent s are given. The following 15 chapters
deal with all major groups of vegetable foods. The
chapter on cereals al so includes information on typical co ntaminants such as foreign seeds or fungi parasites. One chap ter is devoted to the major types
of starch, others to the most important starch-con taining legumes and their mill -products. All relevant
oil - containing seeds and fruits, along with the most
common vegetab les and fruits, including topica l and
sub - topical species are described in detail. Also includ ed are products like coffee, cocoa and tea, and a
great variety of spices made from seeds and fruits as
well as from flowers and from vegetative parts of
plants. Structure information on edible mushrooms,
thi ckening mate rial s (polysaccharide gums) and honey
is presented along with some information on feed s tuff ingredients of animal origin. Most figures are
detailed drawings of c haracterist ic cell and tissue
s tru c tur es, generally given at a magnification of
200:1. In addition, there are drawings and photographs of particulate matter like seeds and s tarch
granules.
Although information based on electron
microscopy studies of plant materials has not been
considered, Gassner's book represents a unique
source of information for those working on light
microscope anal ysis and differential diagnosis of
vegetable food s .
Neither English translation s of
former editions of this classic book ex i st, nor is one
planned fo r this new edition . I am not aware of any
comparab le book available in English.
W. Buchheim, Kiel, F.R.G.

I. M. Watt: The Princ iples and Practice of Electron
Microscopy, 1985, paperback edition 1989. Cambridge
University Press, Cambridge, Great Britain. ISBN: 0521-38927-5, 304 pages, illus t rated .
Price $29.95
(U . S . ).

This well -written book has been made affordab le by the publication of the paperback edit ion.
The author has attempted to "give a n easily
understood survey of the broad field of electron
microscopy" and has done so in 5 chap ters and 4 appendices. The first two chapters inc lude a review of
light microscopy and introductions toTEM, SEM and
STEM (tran smiss ion , scanning, and scanning transmis sion electron microscopy, respectively). Chapters 3
and 4 deal mostly with specimen preparation and micrograph interpretation, including a brief introduct ion
to image analysis . The fifth chapter presents some
applications of electron microscopy (no food appl i cations} and X -ray analys is is discussed in an appendix.
Many food scienti s t s u se e lectron microscopy
only as a tool and have little interest in learning
details of the field. For them, the "eas ily under stood survey" given in this book s hould be useful.
Some newer techniques which are becoming in creasingly important in the food area are only briefly
men tioned, if discussed at all. These techniques in clude cryomicroscopy, environmental scan ning elec tron microscopy, and others which may help to avoid
spec imen preparation artefacts. (Artefacts of electron microscopy are discussed briefly, but, again,
with no food applications). An appendi x in c ludes a
c lear introduction to energy dispersive X- ray microanalysis. Food sc ientis t s often are concer ned wi t h
the distribution of low e r atomic numb er elements,
and would therefore be espec ially interested in win dowless and thin window detectors. However, those
detectors - now commercially available - receive very
little treatment in this book.
Full - time food microscopists may not find this
book highly valuable for themselv es, but may find it
to be a valuab le reference for their "clients " who
ne ed a general introduction to the area.
David N. Holcomb

DISCUSSION WITH REVIEWERS

Each paper in this journal contains a Discussion with Reviewers (DWR).
This section follows the text (generally after references) and should be read as
a part of the paper . Each paper submitted to Food Microstructure is reviewed
by at least three, and often more, reviewers.
The reviewers are asked to
separate their comments and questions. The comments are used in determining
the acceptability of papers. The comments require no written responses from
authors, however, in several cases, the authors prefer to include responses to
comments, or to questions phrased from, or based on, these comments (either
as a result of editorial suggestion or on the author's own initiative) in DWR.
The questions in DWR, for the most part, originate as a result of statements included in cover letters accompanying papers sent to the reviewers.
The reviewers are asked to suppose they are attending a conference where the
paper, as written, is presented, and ask relevant questions. From the questions so asked , some are not included with the published paper because the
authors attend to them by text revisions. In some cases, editorial and I or
space considerations may exclude inclusion of all questions asked by reviewers.
The authors prepare the DWR section ready for publication. In some instances
the authors edit the questions and I or group several similar questions from
different reviewers to provide one answer.
While all efforts are made to
check that the questions in the printed version faithfully follow the views of
the reviewer(s), the editors apologize, if the actual meaning and I or emphasis
may have been changed by authors.
The cover letter to the reviewer also states:
"1. Your name will be conveyed to the author with your review
UNLESS YOU ASK US NOT TO.
2. The questions published in the Journal will be identified as
originating from you UNLESS YOU ADVISE OTHERWISE ... "
Reviewers's wishes to remain anonymous are respected; however, in most (though not
all) cases, the reviewers allow the identity disclosed to the authors. These reviewers
names are included with questions printed with each paper. An overall list of reviewers
and their affiliations (for this issue) is provided on the following page. We apologize for
any error I omissions. The editors gratefully thank the authors and reviewers for their
contributions, invite comments on ways to improve this procedure, and seek qualified
volunteers to assist with reviewing papers in the future.
Finally, readers are urged to be cautious regarding the weight they attach to the
authors' replies, since the answers to the questions represent the authors unchallenged
views. Except for minor editorial changes, the authors generally have the last word.
Also, please consider that the questions were, in most cases, relevant to the initially
submitted paper, and they may not have the same significance for the revised paper
finally published.
If you disagree with the approaches, results, or conclusions in a paper, please send
your comments, as a Letter to the Editor, typed in a column format (4-118 by 11-112
inches or 10.5 by 29.3 em.). The comments and author's response, will be published in a
subsequent issue.
ERRATA:
Despite the best efforts of authors, reviewers, and editors, errors may
remain. Please help, by providing enough information to locate each error (issue, page,
column, line, etc.), and indicating correction.

The Editors
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